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1.0 INTRODUCTION

1.1 SUMMARY

The objective of the Large Scale Injector (LSI) program was to deliver a 21 inch

diameter, 600,000 lbf thrust class injector to NASA/MSFC for hot fire testing. The hot fire test

program would demonstrate the feasibility and integrity of the full scale injector, including com-

bustion stability, chamber wall compatibility (thermal management), and injector performance.

The 21 inch diameter injector was delivered in September of 1991 and is shown in Figure 1-1

mounted on the newly constructed LOX/hydrogen test stand at NASA/MSFC.

The 21 inch injector design was supported with a combination of strategic reduced

size (subscale) hot fire testing and state of the art analysis techniques anchored with the subscale

test data. An injector characterization methodology developed by Aerojet (Ref. 1) and described

in Appendix A, was used to engineer the size of the subscale hardware based on acoustic modes

of the full scale thrust chamber.

LOX/hydrogen tests with the oxidizer-swirled coaxial element subscale injector at a

100,000 (100K) lbf thrust level were conducted in October 1990. Chamber pressures ranging

from 7OO psia to 2500 psia and mixture ratios from 3 to 9 were tested in a 9.2 inch diameter

ablative lined chamber. Operation with hydrogen injection temperatures down to 90 Rankine

was stable. Amplitudes of discrete combustion chamber and manifold oscillations were less than

1% of chamber pressure. Nondirectional bombs located in the chamber wall near the injector

face generated overpressures from 2 to 15% of chamber pressure and all combustion oscillations

damped within 3 milliseconds. Chug-free throttle was demonstrated to 65% of the nominal

chamber pressure. Combustion efficiency from both thrust and face pressure measurements

averaged 97% in the ablative chamber.

These subscale test results were used to anchor the analytical models in the ROCCID

methodology (Ref. 2), and subsequently generate the 21 inch full scale injector. Unbombed

operation is predicted to be stable. Dynamic stability margins, although not fully anchored by

subscale testing, are predicted to be satisfactory. The full scale injector was fabricated without

stability aids, but retained the capability for including them later if required. C-star combustion

efficiency at nominal conditions is predicted to be 97%. Chug free throttle is predicted down to

45% of nominal conditions. Injector face temperatures are predicted to be about 700 degrees

Fahrenheit, which successfully maintains faceplate integrity. Wall temperatures of 990°F
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1.1 Summary (Cont)

and heat flux of 76 Btu/in.2-sec at the throat, which include element streak factors, are predicted

at nominal operation for the hydrogen-cooled calorimetric chamber.

1.2 BACKGROUND

1.2.1

Phase A Space Transportation Booster Engine (STBE) and Space

Transportation Main Engine (STME) studies were initiated by NASA/MSFC in 1986 to support

the Space Transportation Architecture Studies (STAS) and later the Advanced Launch System

(ALS) vehicle. These studies targeted the need for a low cost, reliable engine, and selected the

gas-generator engine cycle for increased engine reliability and lower development cost.

LOX/methane propellants were selected for the STBE and LOX/hydrogen for the STME. As

both engine and vehicle studies progressed, the two separate engines evolved to a common

engine design to reduce development costs. Hydrogen was ultimately selected for both engines

to further reduce development costs.

The LSI program originally focused on LOX/methane propellants where an

overriding concern was combustion stability. The LSI design was later oriented to maintain

commonality between the STBE and STME engines so the full scale injector could be used to

test other components of the STBE/STME TCA as they became available through parallel ADP

programs. To ensure compatibility with the STBE/STME design, design modularity and use of

subscale hardware was pursued to respond to changes in design requirements or upgrades to

enhance operation. Replaceable injector element components were included to accommodate

potential changes in the element hydraulics and spray characteristics. Workhorse injector and

chamber designs used bolt on flanges for ease of assembly during test. After methane was

deleted from the development program, both the subscale injector and the 21 inch diameter full-

scale injector designs focused on hydrogen.

LSI design requirements were subsequently defined as:

(1) Provide stable operation over the operating range of chamber pressures,

mixture ratios, and fuel temperatures.

(2) Provide a thermally compatible environment with the injector face and

chamber wall
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1.2 Background(Cont)

(3) Providerequiredcombustionefficiency

(4) Operatewith low fuelpressuredrop for improvedcycleperformance

1.2.2 Technical

Hollow-cone, oxidizer-swirled coaxial injection elements were selected for

the LSI injectors. The injection element design was based on the 40K lbf thrust platelet injector,

successfully tested at NASA/MSFC with LOX/methane propellants (Ref. 3). Stable operation

and high injector performance were demonstrated with fuel-to-oxidizer velocity ratios as low as

1:1. Low chamber wall heat fluxes and evenly distributed heat at the throat were measured in

cooled calorimetric hardware. This 40K platelet injector was later successfully tested with

LOX/hydrogen at NASA/MSFC without hardware modifications (Ref. 4).

The injector characterization methodology applied to the LSI design was

derived from a previously developed program at Aerojet (Ref. 1), which is described in more

detail in Appendix A. Use of strategic subscale hardware testing and anchored analytical

modeling on this program reduced the risk and cost associated with the first time testing of the

21 inch diameter full-scale injector, an important feature since the facilities required for testing

the full-scale injector are limited and their operation expensive. Validating the full-scale design

prior to full scale testing with an injector characterization methodology also reduced the number

of full-scale tests required and the probability of major hardware iterations. Major hardware

iterations should be pursued on subscale, because more test stands are available in the range of

40 to 250K lbf thrust, and the turn around time for hardware modifications is faster and the

expense lower should problems arise.

The ROCCID computer model (Ref. 2) was used on the LSI program to pre-

dict the injector performance and combustion stability characteristics of the full-scale injector.

Hot fire data from the 100K subscale and NASA/MSFC 40K platelet injector testing were used

along with cold flow data to anchor the ROCCID model, which was specifically designed for

straightforward anchoring of combustion parameters. Combustion chamber heat transfer was

predicted with a reactive boundary layer model derived from the 40K platelet injector

LOX/methane testing.
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2.0 SCOPE OF WORK

Culmination of activities under this contract resulted in the delivery of one 580K lbf thrust

(full scale) injector to NASA/MSFC for hot fire testing with LOX/hydrogen propellants.

Subscale injector design and test data were used for fabrication experience and to anchor the

analytical predictions for full scale testing.

2.1 SPECIFIC TASKS

The overall program plan is illustrated in Figure 2-1. The scope of work for this con-

tract was accomplished in accordance with the specific tasks discussed below. Work on these

tasks was performed in accordance with the Program Plan for Contract NAS8-37480 entitled

inchSpace Transportation Booster Engine Thrust Chamber Technology Program inch, submitted

in 1988 and revised on July 30, 1990 (Ref. 5).

Task 1.0 Validation Plan

The scope of this task included the preparation, release, and periodic revision of the

program plan (Ref. 5). Additional documents prepared include the Space Transportation Booster

Engine Injector Technology Interface Control Document (Ref. 6).

Task 2.0 21 Inch Diameter Full-Scale Injector Task

Task 2.0 included the design, analysis, fabrication, and delivery of a large scale

injector to NASA/MSFC for testing. The design and supporting analyses for this hardware are

described in Section 3.0.

SubTask 2.1 Full-Scale Injector Design

This subtask resulted in the release of the full scale injector drawing package in

September 1990. This design package did not include stability aids. However, the design

contained provisions for later addition of acoustic cavities and baffles should testing indicate a

need.

SubTask 2.2 Full-Scale Injector Fabrication

This subtask resulted in the fabrication and delivery of the full scale injector assembly

(PN 1206466-19) to NASA/MSFC in September 1991.
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2.1. Specific Tasks (Cont)

Task 3.0 Subscale Injector Task

This task was used to acquire subscale combustion stability, injector performance, and

heat transfer test data for anchoring of analytical models used to characterize full scale operation.

Data was obtained from testing of the 40K and 100K lbf subscale injectors. The design and

supporting analytical analyses of these injectors are discussed in Section 4.0.

SubTask 3.1 40K Subscale Injector

This subtask consisted of test planning and test support for LOX/hydrogen testing at

NASA/MSFC in October 1990 of the existing 40K lbf thrust injector previously tested with

LOX/methane.

SubTask 3.2 2D (rectangular) Subscale Injector

Design and supporting analysis of the 2D subscale injector was completed under this

subtask. Limited funding on this program prevented this hardware from being fabricated.

SubTask 3.3 3D (looK lbf) Subscale Injector

This subtask consisted of the design, analysis, and fabrication of a looK lbf thrust

injector. Hot fire testing of this injector at Aerojet's test facility completed this subtask in

October 1991.

Task 4.0 Model Anchoring - Test Planning and Data Analysis

Subscale test results were used to anchor the inputs in the ROCCID computer model

(Ref. 7). Operational characteristics of the full scale injector were then predicted with the

anchored model to complete this task. These analyses are described in Sections 4.4 and 3.7,

respectively.

Task 5.0 Program Management

This task provided the coordination of the design, fabrication, and tests identified in

the previous tasks. This task will be completed with the submittal of this final report.
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3.0 FULL SCALE INJECTOR

3.1 BACKGROUND

At the start of the LSI program, the propellants to be tested were oxygen and methane.

The conceptual design of the full scale deliverable LOX/methane injector was initiated following

the definition of requirements from STBE Phase A and Phase A' studies. This conceptual layout

design was used to:

1) establish the baseline for the subscale injector

2) provide the APD injector/RD thrust chamber interface, and

3) provide the APD injector/NASA-MSFC test stand interface.

Detailed discussion of the subscale task is contained in Section 4.0. Consistency was

maintained between the baseline injection element design and pattern layout for the subscale and

the preliminary full scale layout design. The subscale hardware did not scale the element

geometry, but rather the number of elements so that flowrate per element could be maintained

constant between full scale and subscale. The subscale chamber diameter was sized so that the

frequency of its first tangential (IT) mode was made equal to the frequency of the third

tangential (3T) mode of the full scale chamber. In this fashion a strategic portion of the full scale

combustion stability could be investigated with subscale hardware.

The program plan included a break between the preliminary and final design phases

of the full scale hardware to allow the subscale hardware detail design, fabrication, and test

experiences to be included. Validation of the stability, performance, and compatibility

characteristics would be obtained, including data on element hydraulics, resonator environment,

effect of resonator inlet configuration, and effect of wall gap dimensions between the chamber

wall and outer row of active elements.

Initially, the STBE Phase A TCA required a thrust of 750K lbf at a chamber pressure

of 3600 psia using oxygen and methane propellants. As the vehicle studies evolved, the design

point moved to a delivered thrust of 608K lbf at a chamber pressure of 2250 psia with colder

methane fuel and a potential common hardware design with the oxygen/hydrogen STME.

Methane fuel was eliminated in the next iteration in favor of hydrogen, and the TCA design point

became 580K lbf thrust and 2250 psia chamber pressure. The request for conversion to hydrogen
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3.1. Background (Cont)

fuel was received shortly after the completion of the final design review and drawing release for

the subscale LOX/CH4 injector.

At this time, the preliminary full scale design was reviewed to assess the impact of the

fuel change to hydrogen on the existing design. Of primary concern was re-establishing the

correct flow splits between the elements, the face cooling, and the resonator cooling. The

operating conditions of the injection element with lower density hydrogen fuel was also reviewed

as input to the design requirements for both the full and subscale hardware.

Table 3-1 compares the flow splits and mixture ratios established at the start of the

LOX/H2 full scale design. Due to chamber hardware constraints, the LSI full scale and projected

ALS flight TCA throat diameters were different, resulting in slightly different chamber pressures

with the same flowrate. Chamber pressures for the 3D subscale were higher than the full scale

due to maintaining a constant pattern layout while also maintaining a constant flowrate per

element and contraction ratio. The two columns listed for the 3-D subscale injector show two

fuel film coolant flow splits; for column (A) the same full scale flow per linear inch on the face is

maintained, and for column (B) the equivalent full scale face cooling flow split is provided.

Once the new preliminary design and conversion to hydrogen fuel of the full scale

injector were complete in September of 1989, the full scale subtask became dormant to allow the

detailed designs for the 3D and 2D injectors to be completed and the 3D injector to be fabricated.

A preliminary baseline design for the flight type ADP injector was also completed at this time as

illustrated in Figure 3-1.

When the full scale task was reopened in April 1990, the large scale injector

preliminary design concept was updated based on the 100K (3D) fabrication experience and new

features of the ADP flight design. Further refinements were made to flowsplits listed in Table

3-1 to maintain the LSI design consistent with the NLS/STME operating range, as reflected in

Table 3-2.

3.2 DETAIL DESIGN

3.2.1 QvCr_ll Assembly

The injector subcomponents and drawing numbers for the injector assembly

are listed in Table 3-3. The overall injector assembly is shown in Figures 3-2 and 3-3. The
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3.2. Detail Design (Cont)

assembly was designed to interface with the NASA-MSFC test stand dimensions shown in

Figures 3-4 and 3-5, and the RD instrumentation ring dimensions shown in Figure 3-6.

Appendix B contains the release drawing package.

The injector assembly consists of 5 major subassemblies: thrust mount,

oxidizer cover, fuel manifold assembly, injector body assembly, and TEAL/TEB igniter. Each

will be discussed individually in the following sections. To accommodate testing of the flight

prototype hardware from the ADP programs, consistent interfaces were maintained for the ADP

LOX/H2 igniter and the ADP flight combustion chamber. Figure 3-7 illustrates the injector

assembly components, showing the relation of the propellant flow passages.

Based on test stand interface requirements from NASA-MSFC, two oxidizer

inlet ports were included. Two 6 inch Greyloc hubs were welded to the oxidizer housing,

forming the primary oxidizer manifold upstream of the oxidizer distribution plate. This housing

bolts to the injector body, using a RACO seal, and forms a secondary oxidizer manifold between

the oxidizer distribution plate and a recessed area on the injector body. Removable inserts

located within this manifold control the entrance of liquid oxygen into the oxidizer injection

posts. Oxidizer enters tangentially through 9 orifices in 3 off-centered rows, creating the hollow

cone oxidizer swirl. The posts were brazed into the interpropellant injector body and pass

through the primary fuel manifold.

A single inlet fuel manifold bolts to the chamber side of the injector body and

includes a RACO seal interface. A single 6-inch Greyloc hub was welded to the outer diameter

and directs the fuel flow into an annular toms. Twist drilled crossfeeds channel the flow into the

primary fuel manifold, where it encounters the forest of oxidizer tubes. A fuel distribution plate,

fabricated from diffusion bonded platelets, registers on the shoulders of the oxidizer injection

posts. A secondary fuel manifold is located downstream of the fuel distribution plate and

upstream of the removable face platelet assembly. The fuel manifold was sized based on

potential acoustic resonator cavity dimensions, illustrated by the dashed line in Figure 3-8, and

potential flight engine hydrogen mixer dimensions.

Threaded couplers join the outer diameter of the oxidizer post to the face nut,

and direct the fuel flow from the secondary manifold into each element fuel annulus through

6 holes. The injector element fuel annulus is formed between the outer diameter of the oxidizer

post and the inner diameter of the face nut. Figure 3-9 illustrates the assembly of the injector

element components.
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3.2. Detail Design (Cont)

The removable face plate assembly consists of a diffusion bonded platelet

assembly bonded to a backing plate and welded to a ring. This forms the secondary fuel

manifold when assembled with the fuel manifold assembly. Raco seals are provided at this

interface to prevent fuel leakage into the chamber. As part of the fuel distribution platelet

assembly, one platelet in the stackup retains a larger diameter. This thin (0.010 inch) extension

acts as a wiper seal to minimize the fuel flow around the distribution plate into the secondary

manifold. Removable face nuts maintain the position of the faceplate assembly and register flat

with the chamber side face platelet surface.

The platelet injector face is regeneratively cooled by hydrogen which is then

bled from the face into the combustion chamber. The platelets also inject fuel to impinge at a

19 degree angle on the chamber wall for film cooling. The fuel film coolant (FFC) scheme was

selected to accommodate configurations with and without resonator cavities. Figure 3-10

illustrates the canted tangential angle of the fuel off the injector face. Without a resonator cavity,

this stream would impinge on the wall. With a resonator cavity present, the fuel film constant

stream will be injected into the cavity, similar to the cavity cooling method utilized on the

subscale design. However, the chamber wall fuel film cooling effectiveness will be degraded.

Instrumentation ports are located in the primary oxidizer and fuel manifold

assemblies to monitor high frequency pressure oscillations, static pressure, and temperature.

These instrumentation ports are upstream of the distribution plates.

The elements were packaged in three segments for a total of 546 elements on

a 21.9 inch face diameter, as illustrated in Figure 3-11. Face coolant is active out to the edge of

the injector at a 21.9 inch diameter. A 21.0 inch chamber diameter will create a wall gap of

0.450 inch from the centerline of the outer row of elements. This layout allows later addition of

3 radial baffle blades, if required for dynamic combustion, without changing the element pattern.

Injection element geometry was maintained consistent with the 3D (100K lbf)

subscale injector and is summarized in Table 3-4. The lone difference is that the length of the

oxidizer port is 0.73 inch longer on the full-scale to accommodate all design features. The liquid

oxygen is ejected as a hollow cone with a total included free angle of 46 degrees, which is fixed

by the swirl cap geometry. The oxidizer post is recessed 0.107 inch from the injector face.
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3.2.2 Supporting Thermal & Structural Analysis

Thermal analyses (Ref. 8) were conducted in conjunction with structural

analysis (Ref. 9) for the baseline design efforts. Table 3-5 lists the component materials, and

Table 3-6 lists the components analyzed.

modeled.

expected.

To verify adequate bolt loading, the chilldown of the injector assembly was

Due to the short firing durations, complete chilldown of the LOX dome was not

Predictions for various outer surface temperatures are presented in Table 3-7.

Structural adequacy of the design was evaluated by a 2-D finite element

analysis which modeled the operational and proof cases for the injector assembly and major

components. Figure 3-12 illustrates this model which includes the major subcomponents of the

injector assembly. Since an axisymmetric model was used, it did not model holes such as those

in the thrust mount. In addition to defining structural adequacy, the model also defined bolt

preloads and checked both the proof test configuration and the steady state loads at the

operational atmospheric thrust load of 440K lbf.

In addition to the overall thruster assembly model, each component was also

analyzed separately. The design criteria are listed in Table 3-8, and the resulting margins of

safety for each component design are summarized in Table 3-9.

To verify the injector assembly integrity, various proof and leak checks were

incorporated into the fabrication cycle. The injector assembly was proofed as one unit, using the

proof plate attachment illustrated in Figure 3-13, to verify the seals and assembly bolts.

Individual proof checking of the LOX dome and fuel manifolds to verify welds were conducted

separately. Maximum operational pressure drop allowable across the interpropellant plate is

1500 psi.

Structural information was supplied to NASA-MSFC to assist in defining test

stand allowable interface loads. An inlet piping stress analysis was performed for the propellant

lines, and an allowable force-moment diagram developed as illustrated in Figure 3-14. In

addition, chamber struts were recommended to be placed as illustrated in Figure 3-15 to support

the side loading during hot fire testing.

m'ratoolb.lZ7 10 2_/93
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Interfaces between the Aerojet injector and the RD chamber are maintained

as defined in the September 1991, LSI NASA-MSFC Interface Control Document (Ref. 10).

Hydraulic analyses of the injector circuits were conducted, some elements of

which were calibrated with subscale testing. The velocities and pressure drops are summarized

in Table 3-10.

3.3 MAJOR SUBASSEMBLIES

An expanded view of the thruster assembly is shown in Figure 16. Applicable design,

analysis, and fabrication information is supplied in the following sections on each major

subassembly.

3.3.1 Spacer and Thrust Mount

The thrust mount was designed to interface between the oxidizer cover

assembly and the thrust stand interface. Access to the oxidizer cover assembly was provided

through two circular openings in the cone shaped thrust mount shown in Figure 3-17. To

accommodate the final stackup tolerances of the test stand, thruster assembly, and combustion

chamber assembly, a spacer ring, illustrated in Figure 3-18, was fabricated. This ring was

intended to be machined to the final required thickness necessary to meet the overall test stand

horizontal interfaces. After the ring is machined to the final dimensions, splitting it into two

pieces is recommended for ease of installation on the test stand.

3.3.2 Oxidizer Cover Assembly and Oxidizer Distribution Plate

The assembly of the oxidizer cover is presented in Figure 3-19. Design

features include dual inlet Greyloc ports and a distribution plate. The fabrication sequence for

producing the completed oxidizer cover is summarized in Figure 3-20.

The initial machined CRES 304L housing is shown prior to welding of the

hub inlets and elbows in Figure 3-21. The distribution plate was fabricated in parallel with the

housing and consists of a diffusion screen brazed to a strongback plate. The strongback plate is

3/4 inch thick, perforated with 3/4 inch diameter holes as shown in Figure 3-22. A 22 gauge

CRES 304L diffusion screen was brazed to the surface of the perforated plate using a 0.0015



3.3. Major Subassemblies(Cont)

inch thick copperbrazefoil. Theinteriorof theoxidizerhousingis shownin Figure 3-23. Next

the diffusion plate is welded to the oxidizer cover as shown in Figure 3-24. The final machined

oxidizer assembly is shown in Figure 3-25 bolted to the proof plate.

One modification incurred during fabrication was to include additional

machining of the weld beam between the oxidizer cover and distribution plate to prepare the part

for dye penetrant inspection. The original design allowed a recess of the oxidizer distribution

plate below the oxidizer cover flange surface to accommodate any bowing of the distribution

plate during the welding operation. A final face cut of this flange surface did not sufficiently

blend the electron beam (EB) weld bead. The rough condition of the weld bead prevented valid

dye penetrant inspection results. The additional machining alleviated this problem.

Proof checking of the LOX dome was conducted to verify the welds. The

oxidizer manifold was hydrostatically tested at 5100 to 5200 psi using Greyloc blind hubs to seal

the inlet ports and a proof plate with center shaft to close out the manifold area, as illustrated in

Figure 3-26. The proof plate was machined from a 4 inch thick CRES 304L plate and the shaft

from high strength 4130 steel. Two of the center nuts fabricated for the final assembly were used

with the shaft to secure the proof plate during the proof test.

3.3.3 Fuel Manifold

A sketch of the fuel manifold is presented in Figure 3-27. The fabrication

sequence for producing the completed fuel manifold assembly is summarized in Figure 3-28.

The design consists of an outer ring with a Greyloc inlet port, shown in

Figure 3-29, and an inner ring, shown in Figure 3-30. A two piece flow splitter was welded into

each ring as shown in Figure 3-31. The splitter is located 180 degree from the inlet and was

installed to prevent flow transient unsteadiness problems during startup. A flow diverter, shown

in Figure 3-32, was welded to the inner ring opposite the fuel inlet for better fuel distribution of

the incoming fuel in the annular manifold.

The welded assembly of the inner and outer rings is shown in Figure 3-33.

After the weld and prior to final machining of the manifold, a hydrostatic proof check of 4300 to

4400 psi was performed to verify the weld joints.



3.3. Major Subassemblies(Cont)

After proofcheckingof the welded assembly, 50 cross-over holes are drilled

to supply hydrogen to the secondary fuel manifold formed when the injector assembly is bolted

to the fuel assembly. The completed fuel manifold is shown in Figures 3-34 and 3-35.

3.3.4 Injector Body Assembly

The injector body assembly, illustrated in Figure 3-36, consists of the

injection element components, the fuel distribution plate assembly, the faceplate assembly, and

the bomb assembly. Logic for the fabrication and assembly sequences of the injector body 1st

machined and braze assembly are presented in Figures 3-37 and 3-38. The core of the injector

body is shown in its final machined state in Figure 3-39. The core was machined integral with a

center post which provided a center anchoring point for the oxidizer cover and houses the igniter

assembly.

After final machining of the injector core, the hardware was cleaned and

prepared for brazing of the 544 oxidizer injection posts and 2 bomb tubes. These components are

shown being installed in Figure 3-40 with a closeup of the oxidizer post alignment shoulder in

Figure 3-41. Machined grooves in the injector body contain an OFHC copper braze sleeve.

Figure 3-42 shows the injector body just prior to the furnace braze operation and Figure 3-43

shows the installation in the vacuum furnace.

After completion of the braze cycle, a low pressure nitrogen leak check was

made to verify the integrity of the braze joints. Figure 3-44 illustrates the design of the leak

check fixture, which is an aluminum cover plate bolted to the injector core. A rubber gasket

provided a seal between the tip of the oxidizer post and the leak check fixture.

Gaseous nitrogen was introduced at approximately 50 psig through a

swageloc fitting installed in the fixture. Water was poured into the secondary oxidizer manifold

area to enable visualization of leaks through the braze joints.

After completion of the braze process, the final machining processes for the

injector core were completed. Figure 3-45 shows the secondary oxidizer manifold area in which

holes were drilled and tapped for the oxidizer insert interface. The injector core was then

returned to Aerojet for final cleaning and assembly of the remainder of the components. During

shipping, the oxidizer posts were protected by the leak check fixture serving as a protective

cover.
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Final assemblyof the injector involved installation of the injection element

components, which are shown laid out in Figure 3-46. Figure 3-47 illustrates the assembly

procedure for the oxidizer circuit components. The oxidizer inserts were installed first to allow

boroscopic inspection of the interface between the insert and the shoulder of the oxidizer post.

Final torquing of the oxidizer swirl inserts is shown in Figure 3-48.

After the oxidizer components are installed, the fuel circuit components were

installed as illustrated in Figure 3-49. Spring washers were placed on the shoulders of the

oxidizer posts to accommodate any variation in dimensions between the fuel distribution plate

and the post height. Installation of the fuel distribution plate is shown in Figure 3-50. The

couplers were then threaded onto the oxidizer posts and torqued to maintain the position of the

fuel distribution plate, as shown in Figure 3-51.

After installation of the fuel distribution plate, the remainder of the fuel

circuit components were installed as illustrated in Figure 3-52. The face plate assembly registers

on the couplers. Face nuts were installed and torqued to maintain the position of the face platelet

assembly. Figure 3-53 shows the final torquing process for the face nuts. The completed

injector body assembly is shown in Figure 3-54.

3.3.4.1 Face Plate Assembly

The face plate assembly consists of a stack of ZrCu platelets diffusion

bonded to a CRES 304L backing plate. This plate was welded to an outer ring and inner tube as

illustrated in Figure 3-55. The backing plate has through-holes drilled for inlets for the platelet

stack face cooling and fuel film coolant injection. Figure 3-56 shows the completed assembly.

The platelet design for regen cooling of the injector face was based on the

3-D subscale design and is iUustrated in Figure 3-57. This design was originally intended for

operation with methane fuel which posed a more difficult cooling problem. Predicted operation

with 5% H2 fuel cooling indicated excessively low operational temperatures were expected ( 184

degrees Fahrenheit). Since the 3D subscale design was complete, it was not modified. However,

the full scale injector face design platelet geometry was simplified by reducing the number of

coolant passages. Table 3-11 lists the differences between the two designs. Predicted

operational temperatures for the ZrCu injector face on the full scale injector design are

approximately 700 degrees Fahrenheit, still well within the acceptable range for ZrCu operation.

V
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Fabrication of the face platelets included some concerns due to the

22 inches diameter size. Although within the dimensional range of existing facilities at Aerojet,

they would be the largest diameter platelet parts fabricated at Aerojet. New tooling was required

for proper loading of the platelet stack during the the furnace bonding operation, as shown in

Figure 3-58. The bonded platelet stack is shown in Figure 3-59.

A secondary furnace run included a HIP process to densify the bond areas.

The bonded face plate stack is shown being loaded in the HIP furnace in Figure 3-60. No

problems were encountered with the fabrication of this 22 inch diameter platelet part. After

completion of the bonding process, a wire EDM process cut the bonded stack to final dimensions

to minimize stress on the part and to avoid contamination with machining oil.

During fabrication, modifications were made to two of the platelets,

illustrated in Figures 3-61 and 3-62. These modifications were necessary to accommodate a

mismatch between the backing plate and the platelet stack. This mismatch was discovered after

the backing plate was complete, but before the platelets were bonded.

3.3.4.2 Baffle Assembly (Optional)

Although the design of the baffles was not completed on this contract,

faceplate layouts were studied to ensure baffles could readily be included should hot fire test

results indicate a need. The resulting element pattern divided the elements into three segments

separated by three lanes empty of injection elements, as shown in Figure 3-63. When testing

without the baffles, these lanes would be hydrogen bleed cooled with about 0.6% of the

hydrogen. Installing the baffles would require machining open the areas in the lanes. Figure

3-64 illustrates the baffle assembly which would be installed and welded to the faceplate

backside. Hydrogen would be feed from the secondary fuel manifold into a center CRES 304

strongback. Cross drilled feed holes would direct the hydrogen flow to the coolant channels

etched into ZrCu faceplates diffusion bonded to the two sides of the strongback.

3.3.4.3 Fuel Distribution Plate

The fuel distribution plate is comprised of a stack of CRES 304L platelets

containing chemically etched flow passages. The completed assembly is shown in Figure 3-65.

A thin 0.010 inch thick platelet protrudes outside the stack diameter and is intended to serve as a

wiper seal in the injector assembly.
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Thesubscaledesignincorporatedfeaturesfor bothdistributionandfiltering

of thefuel in thissubassembly.However,subscaleinjector testresultsindicatedthat thefuel

circuit pressuredrop washigherthanpredicted(160psidactualversus30psid design).This

increasedpressuredropis attributedto thefiltering featureof thedistributionplate. To not

penalizethefull scaleinjectordesignwith theaddedpressuredrop, thefiltering featurewas

disabledon thefueldistributionplateletstackbyalteringthestackingsequence.Filters in thetest

standfuel circuit will berequiredto preventblockagein the injectorcircuits. Thisrequirementis

consistentwith theNASA-MSFCteststanddesign.

3.3.4.4 BombAssembly

TheRD bombdesignutilizedon theLSI full scaletestingis illustratedin

Figure3-66. Two bombportswereincorporatedin thelocationsillustratedon theinjector face

in Figure3-67. Thebombtubedesignreplacestwo activeinjectorelementsandprovidesthe

spacefor routingof thebombdetonatorwiresoutsidetheinjector,asillustratedin Figure3-68.

A bombis installedby threadingfrom theinjectorfacesideinto thetubeassembly.A specially

sizedfacenut(PN 1206473)fills thegapbetweenthebombandthecoupler. Whena bombis

not installed,a modifiedfacenut,shownin Figure3-69,is usedto controlthehydrogenflow.

Duringassemblyof theinjectorbody,oneof thebombport tubeswas

slightly twistedasshownin Figure3-70. Leaktightnessof thedamagedtubewasverified using

nitrogengas. Sinceit is uncertainwhetherthebombwires will passthroughthetube,thisbomb

portmaynot befunctional.

3.3.5

Theinterfaceon thethrusterassemblywasdesignedconsistentwith theADP

torch igniter (Dwg# 1204738,ADP ContractNAS-8-38080).However,to satisfytheNASA-

MSFCteststandinterfacerequirements,aTEAL/TEB igniterwasdesignedandfabricatedunder

this task. Theigniterdesign,shownin Figure3-71,is astraighttubedesignwith a 3 holebutton

brazedattheexit tip. This designis intendedto spraytheTEAL/TEB into thethreesegmentsof

aninjectorconfiguredwith baffles. To enableacommoninterfacefor both igniters,anadapter,

shownin Figure3-72,is usedwith theTEAL/TEB igniter.

Table3-12 summarizesthepredictedoperatingtemperaturesfor anall

stainlessigniter tubeandtip versusastainlesstubewith aZrCutip. Furtherstructuralanalysis
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chosetheZrCu materialfor the igniter tip. This analysiswasperformedfor steadystate

operationwith a0.81 lbm/secH2purge. The analysiswaslaterexpandedto offer theflexibility

for thepurgefluid to beeitherH2or N2gasbasedon teststandavailability. Table3-13lists the

operationalparametersfor thetwopurgefluids.

3.3.6 In_tn, tmCntation

Instrumentation ports provided on the hardware are summarized in

Table 3-14. Locations of the high frequency pressure transducers in the oxidizer and fuel

manifolds are illustrated in Figure 3-73. A special adapter, illustrated in Figure 3-74, is required

for installation of the pressure transducers. To protect the hardware prior to testing, adapter

blanks seal off the two ports. These blanks can be machined to accommodate the interface with

the high frequency pressure transducers.

The locations of the static pressure and thermocouple ports are shown in

Figure 3-75. Multiple readings at the same locations require a union tee as illustrated in Figure

3-76 for the oxidizer circuit instrumentation and Figure 3-77 for the fuel circuit instrumentation.

Temperature measurements on the thrust mount are recommended for early

indication of oxidizer cover leakage. Locations are illustrated in Figure 3-78.

Provision for high frequency instrumentation for monitoring chamber

combustion stability is provided by the acoustic ring which is being supplied by RD. locations

of the pressure transducers on this component are illustrated in Figure 3-79.

After completion and delivery of the hardware, the design was reviewed for

incorporation of a face PC static pressure port for improved comparison of chamber pressure

between injectors. Use of one of the two existing bomb ports was determined to be suitable. The

face nut plug used in the bomb port when the bomb is not installed was redesigned to

accommodate the pressure measurement. Details of this plug are illustrated in Figure 3-80.

3.4 CLEANING AND FINAL ASSEMBLY

The final assembly is illustrated in Figure 3-81. After the major assemblies were

complete, the fuel manifold, shown in Figure 3-82, was assembled with the injector body, as

shown in Figure 3-83. The completed assembly is shown in Figure 3-84 prior to final cleaning.
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To allow back and forward flushing of the fuel circuit, the proof plate and blind hubs

were installed as illustrated in Figure 3-85. The hardware was certified to Aerojet's cleaning

specification, ATC-STD-4940. The oxidizer and fuel manifold was certified clean to Level 200.

These levels are determined by the smallest feature size in the propellant circuit to prevent

clogging. Both circuits were certified to Level A for non-volatile residue and Level K for

hydrocarbons.

After cleaning and certifying, the oxidizer cover was installed, as shown in Figure

3-86. At this time the thruster assembly was proof and leak checked to 1500 psia using filtered

GN2. The seals that were installed in the.final assembly have a two year installation life. These

seals will be valid for testing conducted through July 1993. For testing after this date, replacing

the seals and repeating the leak check procedure is required.

3.5 INJECTOR HARDWARE DELIVERY

The thruster assembly was shipped in two crates illustrated in Figure 3-87. The

framework of the crates was composed of 4 x 4 inch wooded posts and constructed on a pallet

suitable for lifting with a forklift. The injector and manifold assembly weighed approximately

3600 Ibm as assembled with the protective covers. A top view of this assembly within the

shipping crate is illustrated in Figure 3-88. Figure 3-89 illustrates a cross sectional view of the

shipping crate. Each subassembly has three lifting lugs, individually rated at 4000 Ibm.

However, for safe handling of the hardware use of all three lugs is recommended.

Installation of all seals and torquing of all bolts was completed at Aerojet and verified

by the final proof check prior to shipping. The assembly bolts (PN MS21250-16032) for the

thrust mount to oxidizer cover, shipped as part of the assembly, were to be replaced with high

strength bolts shipped separately. Table 3-15 lists the components of the shipped assembly.

3,6 TEST RECOMMENDATIONS

A review was made of the proposed operating parameters for the full scale injector.

These recommendations are based on operation of the 3D (100K lbf) subscale injector tested at

Aerojet. Table 3-16 lists the operational parameters recommended for the TEAL/TEB igniter.

The values listed assume a two step startup sequence in which the injector is ignited at low

pressure conditions after a LOX lead, and is ramped up to the steady-state high pressure

operating conditions.
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Injectoradmittancevaluesarelistedin Table3-17andcanbeusedto establishtheset

parametersfor thedesiredflow conditions.

RecommendedGN2purgelevelsaresummarizedin Table 3-18andincluded

conditionsfor startupandshutdown.Betweentests,a low level trickle purgeis recommendedat

all timesto preventinternalcontamination.

Pressureandflowrateparametersfor steadystateandpurgeflow operationare
summarizedin Table3-19for theoxidizercircuit, andTable3-20for thefuel circuit.

3.7 PRE-TESTPREDICTIONS

3.7.1 Combustion Chamber Heat Transfer

LSI full scale testing utilizes the Aerojet injector and the Rocketdyne

hydrogen-cooled combustion chamber. Gas side heat fluxes were based an reactive boundary

layer model derived from the Aerojet swirl coax 40K injector data (Ref. 11). This model also

closely approximates the P&W 40K swirl coax data. Resulting heat fluxes in the barrel and

throat region are significantly lower than with the SSME shear coax model. Figure 3-90 presents

the heat flux profile for an average LSI full scale chamber channel. As a result, the average

channel wall temperatures for the LSI chamber, which was designed based on the SSME

subscale data, are predicted to be under 900 Fahrenhait. This is well within the design limits of

the RD chamber as illustrated in Figure 3-91.

Local wall temperatures depend on the circumferential nonuniformity of an

injector. The circumferential variations measured for the Aerojet 40K injector indicate a

peak/average heat flux of 1.10. The full scale injector elements are designed closer to the wall

(0.45 inch) than the 40K elements (0.75 inch), which may increase the circumferential variation.

Therefore a streak factor of 1.2 is considered appropriate for this injector, and this factor was

applied to the boundary layer correlation coefficients to define the hot channel.

Three different operating conditions were studied. The nominal case was a

chamber pressure of 2300 psia and mixture ratio of 7.1. A high mixture case was defined as a

mixture ratio of 7.8 and a chamber pressure of 2300 psia. A chamber pressure of 2500 psia and

mixture ratio of 7.1 defined the high pressure case. The maximum predicted hot channel
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temperaturesare991 F, 1031F, and 1058 F for the nominal high mixture ratio, and high chamber

pressure cases, respectively. The maximum predicted average channel temperatures are 814 F,

846 F, and 873 F for the nominal, high mixture ratio, and high chamber pressure cases,

respectively.

3.7.2 Performance

Full scale injector combustion performance was predicted with the ROCCID

computer code (Ref. 12) anchored with 100K (3D) subscale data. Two operating conditions

were analyzed, a low pressure, low mixture ratio condition, and the nominal operating point.

Calculated injector flowrate splits used in the analyses are listed in Table 3-21.

Overall injector performance at 18OO psia chamber pressure and 6.2 mixture

ratio is predicted to be 96.7% C-STAR and 96.0% ERE, with a vaporization efficiency of 100%

and an Isp-based mixing efficiency (at 45:1 expansion) of 96.0%. Barrier streamtube and

inchbaffle alley inch striation losses are 0.47 and 0.01 percentage points, respectively, calculated

from the assumption that half of the outer row and baffle alley row element flowrate mixes with

the streamtube coolant. Note that striation losses due to the baffle alley are predicted to be

extremely small with this method.

The anchored spray combustion model parameters from subscale modeling,

described in Section 4.4, were zero atomization length, 320 Mm oxygen mass median droplet

diameter, 1.54 oxygen droplet distribution geometric standard deviation, and an 82.4 percent

Rupe mixing efficiency.

The C-STAR efficiency (combustion rate), oxygen vaporization, and vapor

mixture ratio profile predictions are shown in Figures 3-92 to 3-94, respectively. Figure 3-92

shows that at the convergent nozzle section entrance the combustion is predicted to be about 93

percent complete. Figure 3-93 shows that 91 percent of the oxygen liquid is predicted to have

been vaporized at the end of the 5.83 inch cylindrical chamber (barrel) section, which implies

that up to 9 percent of the liquid mass is unvaporized at the entrance to the nozzle and may affect

the nozzle convergence wall compatibility.

Overall performance at the nominal operating condition of 2300 psia chamber

pressure and 7.1 mixture ratio is predicted to be 96.9% C-STAR and 94.9% ERE, with a

vaporization efficiency of 100% and an Isp-based mixing efficiency (at 45:1 expansion) of
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94.9%. Barrierstreamtubeand inchbafflealley inchstriationlossesareO.54and0.00

percentagepoints,respectively,calculatedfrom theassumptionthathalf of theouterrow and

bafflealleyrow elementflowratemixeswith thestreamtubecoolant.

Notethat striationlossesdueto thebafflealleyarepredictedto beextremely

smallwith this method.The anchoredspraycombustionmodelparametersfrom subscale

modeling,describedin Section4.4,werezeroatomizationlength,350 Mm oxygenmassmedian

dropletdiameter,1.54oxygendropletdistributiongeometricstandarddeviation,andan82.4

percentRupemixing efficiency.

TheC-STARefficiency (combustionrate),oxygenvaporization,andvapor

mixtureratio profile predictionsareshownin Figures3-95to 3-97,respectively.Figure3-95

showsthat attheconvergentnozzlesectionentrancethecombustionis predictedto beabout

91percentcomplete.Figure3-96showsthatabout91percentof theoxygenliquid is predicted

to havebeenvaporizedattheendof the5.83inchcylindricalchamber(barrel)section,which

implies thatup to 9 percentof the liquid massis unvaporizedattheentranceto thenozzleand

mayalsoaffectthenozzleconvergencewall compatibility.

3.7.3 Combustion Stability

3.7.3.1 Low frequency Combustion Stability

Low frequency combustion stability of the full scale LSI was predicted with

the LFCS computer model (Ref. 13) that was anchored to chug instability data and actual injector

element operating characteristics from the 100K (3D) subscale testing. LFCS is a lumped

parameter, double combustion time lag model based on Szuch and Wenzel (Ref. 14). The neutral

chug stability for the full scale injector is shown in Figure 3-98. Comparison with the subscale

chug analysis in Section 4.4 shows that the chug characteristics between full scale and subscale

are almost identical, which would be expected based on the similarity of the injection orifices

between the subscale and the full scale. Figure 3-98 shows that chug instability at the nominal

LSI mixture ratio of 7.1 is predicted to occur at a chamber pressure of 1120 psia, or a throttle to

48 percent from the nominal chamber pressure of 2320 psia.
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3.7.3.2 High FrequencyCombustionStability

High frequencycombustionstabilityof thefull scaleLSI waspredicted

with theROCCIDComputerModel (Ref. 12)for two operatingpoints,1800psiaand6.2O/F,

andthenominaloperatingpoint test,2300psiaand7.10/F. Bothtestsusedhydrogeninjection

temperaturesof 190Rankine.Thestabilitywascalculatedwith anchoredversionsof two

ROCCIDsubmodels,LEINJandamultiple-circuitversionof INJ.

Resultsof thestabilityanalysesfor 1800psiachamberpressureand6.2

mixtureratio testareshownin Figures3-99to 3-104. Theintrinsicor burningresponsewas

calculatedwith theROCCIDsubmodelCRP. Intrinsic instabilitywasfound not to bethe

dominatinginstabilitymechanismat low frequencies,evenwith the largerthanoriginally

anticipateddropletsizes.Figures3-99through101showthepredictedresponseandgain
functionsfrom thecombinationof ROCCIDsubmodelsCRPanda3-circuit INJ for total

combustionresponseandHIFI for chamberresponse.Figure3-100predictsregionsof positive

gainatthe IT, 2T, 1Rand3T modes,butcomparisonto Figure3-101showsthesystemis phase

stableaccordingto Nyquiststabilitycriteria. Positivegainwith nocoupling indicatesthedriving

energyfor instabilityexceedstheavailabledampingbut isout of phase.Phasemarginsfor these

regionsof positivegain,whichmaybean indicatorof dynamicstabilitymargin,areall greater

than60degrees,which isconsideredsatisfactoryfor mostcontrolsystems.

Figures3-102through3-104showthepredictedresponseusingLEINJ as

theinjection-coupledsubmodelinsteadof INJ,with theadmittancemagnitudereducedto

30percentof theoriginally calculatedvalue,asdescribedin thesubscaletestcalibrationsin

Section4.4. Figure3-103showsregionsof positivegainat the 1Tmodecalculatedwith LEINJ,

butcomparisonto Figure3-104againshowsthesystemisphasestableaccordingto Nyquist

stability criteria. Thephasemarginis 75degrees.

Resultsof the stability analyses for the nominal chamber pressure and

mixture ratio test (2300 psia chamber pressure and 7.1 mixture ratio) are shown in Figures 3-105

to 3-112. Figures 3-105 through 3-107 show the predicted response and gain functions from the

combination of ROCCID submodels CRP and a 3-circuit INJ for total combustion response and

HIFI for chamber response. Figure 3-106 shows regions of positive gain at the IT, 2T, I R and

3T modes. The 1T mode gain magnitude has been reduced from Figure 100 because of the

increase in relative pressure drop for the oxidizer circuit (i.e., DP/Pc); the higher modes appear to
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belessaffected. Comparisonof Figures3-106and3-107 showthesystemis phasestable

accordingto Nyquiststability criteria. Phasemarginsfor theseregionsof positivegainareall

greaterthan55degrees.

Figures3-108through3-112showthepredictedresponseusingLEINJ

insteadof INJ,with theadmittancemagnitudereducedto 30percentof theoriginally calculated

value,asdescribedin thesubscaletestcalibrationsin Section4.4. Figure3-111showsanarrow

regionof positivegainaround5400Hz at the4T and1T1Rmodes.Comparisonwith

Figure3-112showsthesystemis predictedto beunstableaccordingto Nyquist stability criteria.

Thegrowthcoefficientscalculatedby ROCCIDfor thesepotentialinstabilitiesare0 and

+22 1/sec,which imply neutralstability sincetheyaresosmall.



4.0 SUBSCALE HARDWARE:

4.1 INTRODUCTION

The LSI program adopted an approach to reduce the cost of full scale development by

investigating combustion stability, injector performance, and thrust chamber compatibility in

reduced-size hardware. Appendix A discusses the reduced-size injector characterization

methodology in more detail. This methodology defines the size of the subscale hardware from

the acoustic modes of the full scale hardware. Two subscale injector configurations were

originally baselined on the LSI program, a rectangular (2D) and an axisymmetric (3D), which are

illustrated in Figure 4-1. The rectangular (2D) injector was sized so that the frequency of its first

width (1 W) mode was made equal to the frequency of the first tangential (1 T) mode of the

fullscale. This hardware can then investigate the lower frequency modes of the full scale

injector. The axisymmetric (3D) injector was sized so that the frequency of its first tangential

(IT) mode was made equal to the frequency of the third tangential (3T) mode of the fullscale

chamber. This hardware can then investigate the higher frequency modes of the fullscale

chamber. In addition, the 3T=IT size is a strategic cutoff in the injection characterization

methodology: stability at this scale with no damping devices provides a measure of acceptable

stability of the injector element. Instability at the 3T=IT scale implies the requirement of

damping devices in the full scale hardware that may be beyond what is feasible.

The relationships of the subscale and full-scale frequencies are illustrated in

Figure 4-2. Since the same injector element design is used in all injectors, the subscale hardware

addresses representative fullscale stability characteristics before fullscale development is begun.

Initial design requirements for the subscale injectors were based on the STBE Phase

A requirements for LOX/CH4 operation. These conditions are summarized in Table 4-I.

Although the full scale operational requirements were constantly changing during the LSI

program, the modular design approach accommodated operational changes up to the point of

final assembly of the injector. General design requirements are summarized in Table 4-2.

Table 4-3 lists the operational requirements for the designs of the subscale hardware for

LOX/CH4 propellants.
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4.2 2D SUBSCALEHARDWARE DETAIL DESIGN

Therewerethreemainobjectivesof the2D thrusterdesign.The first wasto

investigate1T acousticmodestabilityof thefull scaleinjectordesignwith this hardware,as
describedin Section4.1. The secondwasto simulatetwo differentelementcenterlineto

chamberwall gapsof interestfor thefinal full scaledesign. Sincethe2Dchamberusedablative

liners,varyingchamberwall compatibilityfeatureswassimplerandincurredlesshardwarerisk

thanwith cooledcombustionchambers.Thethirdobjectivewasto characterizebaffle integrity

andperformance,shouldbafflesberequiredon thefullscaleto damploweracousticmodes.The

2D subscaleprovidesa simplifiedmeansof investigatingthebaffledesignissues.

Although the2Ddetaileddesignactivitieswerecompleted,thehardwarewasnever

built dueto fundingconstraints.Modelingand3D subscaletestingweresubstitutedto account

for theaddedprogramrisk.

The2Ddesignutilizedaworkhorseapproachwith bolt on flangesandmanifoldsfor

easeof assemblyfor testing.To allow testingwith differentfuels,all materialsusedin the

fabricationof thehardwarewerecompatiblewith eitherCH4or H2.

The2Dengineassembly,illustratedin Figure4-3,consistsof two major

subassemblies,the injectorsubassemblyshownin Figure4-4 andthethrustchamber

subassemblyshownin Figure4-5. Majorcomponentsof theinjectorsubassemblyincludethe

oxidizer inlet housing,oxidizerdistributionplate,fuelmanifold, injectorbody,injectorelement

components,fuel distributionplate,faceplateassembly,andbaffleassembly.

Thethrustchambersubassemblyconsistsof a structuralshell,anablativeliner, anda

retainerplate. An acousticresonatorcavity is formedbetweentheinterfaceof thechamberhead

endandtheinjector face. Provisionswereincludedin thedesignto enableadjustmentof tuning

blocksto vary thecavity dampeningfrequency.Theacousticresonatorcavitycanalsobe

blockedoff to accommodatetestingwithoutcavities. Tuningblocksweredesignedto adjustthe

cavity depthasdesiredor blockoff thecavity completely.

Theablativelinedrectangularchamberwasdesignedfor shortduration,

nondirectionalexplosivebombtestsfor investigationof combustionstability. A sidemounted

bombassemblyis installedin thechamber.Tenhighfrequencypressuretransducersare

mountedin thechamberto measurecombustionresponse.Staticpressuretransducersare
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mountedalongthechamberwall to measuretheaxialcombustionchamberpressureprofile up to
theconvergencesectionof thenozzle.

Propellantflow passagesfor the2D injectorareshownin Figure4-6. Theprimary

oxidizermanifold is formedbyaGreylochubcentrallyweldedto arectangularhousing.A

secondaryoxidizermanifoldis formedbetweentheoxidizerdistributionplateanda recessed

cavity in the injectorcorebody. Replaceableinsertslocatedwithin thismanifoldcontrolthe

entranceof liquid oxygeninto theoxidizer injectionposts. Oxidizerenterstangentiallythrough9

orificesin 3off-centeredrows,creatingthehollowconeoxidizer swirl. Thepostsarebrazedinto

the interpropellantinjectorbodyandpassthroughtheprimaryfuel manifold.

Therectangularinjectorcorecontainsthefuel inlet, fuel manifolding,andinjection

elementcomponents.A Greylochubis weldedto aninlet housingthatformsthefuel manifold

which is weldedto thesideof theinjectorbody. Fivedrilled crossfeedsbetweentheboltsdirect

thefuel flow into arectangularprimaryfuel manifold,whereit encounterstheforestof oxidizer

tubes.A fuel distributionandfilter plate,fabricatedfrom diffusion bondedplatelets,registerson

theshouldersof theoxidizer injectionposts.A secondaryfuel manifold is locateddownstream

of thefueldistributionplateandupstreamof thefaceplateletassembly.

As in theotherinjectordesigns,threadedcouplersjoin theouterdiameterof the

oxidizerpost to thefacenut,anddirect thefuel flow from thesecondarymanifold into each

elementfuel annulusthrough6 holes. Theinjectorelementfuel annulusis formedbetweenthe

outerdiameterof theoxidizerpostandtheinnerdiameterof thefacenut.

Thefaceplateassemblyconsistsof adiffusionbondedplateletassemblybondedto a

backingplate. The removablefacenutsareinstalledafterthefaceplateassemblyis attached.

Thefacenutsregisterflat with thechambersidefaceplateletsurface.Theoxidizerposttips are

recessedapproximately0.107inch belowthesurfaceof thefaceplatewithin thefuel annulus
area.

Theinjector faceconsistsof 88elementspackagedon the 17.9by 3.077inch

rectangularinjectorface. Spacefor abafflewasleft in thecenterof the injectorface,which

divided therectangularchamberinto two compartmentseachwith 44elements.A 4 inch long

baffle wasdesignedfor installationapproximately0.24inch off thecenterline of the injector,as

illustratedin Figure4-7. This providedtwo differentgapsbetweentheelementcenterlineand
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thebafflewall for investigationof heatflux profiles. Hydrogensuppliedfrom thesecondaryfuel

manifoldregenerativelycoolsthebaffleandis dumpedoff thebaffle tip into thecombustion

zone.Thecoolantpassagesaredesignedwith plateletsandthermocoupleswithin thebaffle

assemblyareprovided.

4.2.1 Supporting Analysis

To validate the design of the 2D engine assembly, supporting heat transfer,

hydraulic, and structural analysis were conducted (Ref. 15). Table 4-4 lists the operating loads

and environment assumed for the engine assembly design. A structural analysis was performed

for the injector assembly, chamber assembly, and test stand interface. Heat transfer predictions

determined the operating temperatures for selection of material properties. Hydraulic analyses

predicted pressure drops within the assembly to determine maximum expected manifold

pressures.

The injector was modeled with a 2-D plane strain model. The faceplate

region around a typical facenut was modeled with a 2-D axisymmetric model. This model

assumed plastic strain based on the predicted thermal and pressure loading. A 3-D model of the

overall assembly was created to verify the seal gaps, which are summarized in Table 4-5.

Predicted margins of safety for each component are summarized in Table V-6, and the resulting

cycle life predictions are summarized in Table 4-7.

4.2.2 Major Subassemblies

Table 4-8 lists the component drawings associated with the 2D subscale

hardware. The following sections contain a description of the major subassemblies.

4.2.2.1 Oxidizer Dome

The oxidizer dome shown in Figure 4-8 consists of a 6 inch Greyloc flange

and adapter welded to a CRES 304L housing. A distribution plate is welded to the injector side

of the housing. The distribution plate is a 0.7 inch thick CRES 304L structural plate perforated

with 1 inch diameter holes. A 18 guage CRES sheet is diffusion bonded to the upstream side of

the structural plate. Acceptance testing for the oxidizer dome required a hydrostatic proof check

at 6375 psia using the proof plate shown in Figure 4-9.
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4.2.2.2 FuelManifold/InjectorBody

Thefuel inlet manifold, illustratedin Figure4-10,is sidemountedto the

injectorbody. Theinlet manifoldconsistsof a4 inchGreylocflangeweldedcentrally to a

housingwhich in turn is weldedto thesideof the injectorbody. Five drilled crossoversbetween

theoverallassemblybolt patternconnectthefuel inlet manifoldto theprimary fuelmanifold

within the injectorbody.

Theinjectorbody,shownin Figure4-11,containstheinjectionelements

which arethreadedandbrazedinto position. Theoxidizerinsertsarethreadedinto thesecondary

oxidizermanifoldformedbetweentheoxidizer inlet housingandarecessedareain the injector

body. Theforestof oxidizerpostsextendthroughthesecondaryfuel manifold. This manifold is

closedoff with theweldmentof thefaceplateassemblyto the injectorbody.

Sealsarecontainedin thegrooveslocatedon bothsidesof the injectorbody

andsealagainstthematingflangesof theoxidizerinlet andtheablativechamber.Theseal

grooveis designedin theracetrackconfigurationillustratedin Figure4-12 whichprovidesa
uniformdistancefrom thebolt circle.

4.2.2.2.1 FuelDistributionPlate

Thefueldistributionplateis comprisedof astackof diffusion bonded

CRES304and347platelets.Thisdesign,identicalin conceptto the3D subscaleinjector,was

configuredto servea dualpurposeof filtering anddistributingthefuel.

4.2.2.2.2 FacePlate/BaffleAssembly

Thefaceplateassemblyiscomprisedof a stackof ZrCuplatelets

diffusion bondedto a CRES304backingplate,as illustratedin Figure4-13. Drilled holesin the

backingplateprovidethefuel inlet for theplateletfeatures.Thecoolantfeaturesinclude

regenerativecoolingpassagesanduniform transpirationdumpcoolinginto thecombustionzone.

Thebaffledesignis identicalin conceptto thebafflesrecommendedfor

thefull scaledesign.Figure4-14 illustratestheweldedfasteningof thebaffle to thefaceplate

assembly.Thebaffledesignconsistsof aCRES304Lstructuralplatediffusion bondedon both

sidesto ZrCu platelets.Etchedfeaturesin theZrCuplateletsprovidetheregenerativelycooled

"V
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passages for the fuel which is dumped off the tip of the baffle into the combustion zone.

Passages are machined into the CRES core for installation of thermocouples as shown in Figure

4-15. The thermocouple wires exit through the fuel manifold of the assembled injector core as

shown in Figure 4-16.

4.2.2.3 Chamber Assembly

The chamber assembly consists of an ablative liner (Figure 4-17), a

structural housing (Figure 4-18), and a retaining ring (Figure 4-19). Resonator cavities,

illustrated in Figure 4-20, are formed at the interface between the chamber and the injector face

plate. The cavities can be blocked off as illustrated in Figure 4-21. Grafoil is used to provide a

high temperature seal between the injector face plate and the chamber cavity.

The chamber liner is constructed of 3 inch wide silica phenolic ablative

tape, wrapped at a 45 degree angle. The combustion chamber contour is provided by the ablative

liner which also insulates the structural shell from the combustion gases. The chamber is

designed so that the liner can be replaced as the material erodes in a hot fire test series. A slight

tapering of the shell and liner ensure containment during testing.

The structural shell is made from 17-4 PH and provides structural integrity

up to 4500 psi. The assembly of the replaceable liner into the structural shell is illustrated in

Figure 4-22. The two parts are pressed together using a layer of RTV to ensure no gap exists. A

retainer plate bolts to the structural housing downstream of the throat after installation of the

ablative liner to ensure the liner is properly retained.

The chamber assembly has provisions for side mounting of the igniter,

bomb assembly, static pressure transducers and high frequency transducers. Swivel lug bolts are

provided for moving the hardware.

4.2.2.4 Igniter

The 2D and 3D subscale injector igniter was designed for commonality.

The igniter was designed for TEAL/TEB injected into the combustion chamber for LOX ignition.

For the 2D igniter, 2 igniter ports were provided as illustrated in Figure 4-23. The indented tube

exit illustrated was later removed from the 3D subscale design.
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4.2.2.5 BombAssembly

Thetwo subscaleinjectorbombassemblieswerealsodesignedfor

commonality. Thebombconcept,illustratedin Figure4-24,is sidemountedin thechamber

wall. An A286 sleevecontainsthedetonationto preventdamageto thechamberwall. A carbon

phenolicendplateprotectsthechargefrom prematurethermaldetonationduring thehot fire test.

4.2.2.6 Instrumentation

Instrumentationportsfor staticpressureandtemperaturewereincludedon

thefuel andoxidizermanifolds.Thecombustionchambercontainedinstrumentationportsfor
staticpressure,temperature,andhighfrequencypressuretransduces,asillustratedin Figure4-25.
Table4-9containsa summarizedlist of therecommendedinstrumentation.

4.2.2.7 RecommendedTestMatrix

Therangesof chamberpressureandmixtureratio (MR) conditionsthat

wereto be tested are illustrated in Figure 4-26. These conditions were intended to expand the

LOX/CH4 40K lbf thrust injector tests at NASA-MSFC which are discussed in Section 4.4.1.

One test point was recommended at the same conditions as the 40K lbf injector for comparison.

The 15 test series recommended included a survey of fuel temperatures, explosive bomb tests,

baffled and non baffled tests, and tests with and without cavities.

4.3 3D (100K) REDUCED SIZE INJECTOR DETAIL DESIGN

4.3.1 Overall Assembly

The 3D injector hardware is shown in Figure 4-27 and consists of the oxidizer

inlet, injector body/fuel manifold, and the resonator ring. Bolt on flanges are incorporated into

this workhorse design for ease of assembly during the test series. Although no combustion

chambers were designed as part of this contract, the injector to chamber interface was designed

common with several existing chambers which are shown in Figure 4-28. Figure 4-29

summarizes the possible configurations with the available hardware.

Combustion stability was evaluated with tests using the ADP ablative

chamber. An acoustic resonator cavity was configured between the injector core face and the

ablative chamber. This cavity was blocked off during the testing for rigorous 3T=IT combustion
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stability assessment.Theablativechamberincludedprovisionsfor asidemountedbomb

assemblyandsix highfrequencypressuretransducers.An arrayof staticpressuretransducers
wereinstalledto measuretheaxialcombustionchamberpressureprofile between0.2and

4.3 inchesdownstreamof the injector face.

Longerdurationinjectorperformanceandchambercompatibility testswere

plannedwith eitherof thetwo APD IR&D watercooledchambers.Theseassembliesrequirethe
useof a cooledresonatorring to interfacebetweentheinjectorandthechamber.Whenthe

resonatorring is assembledwith the injectorcore,adoglegacousticcavity is formedbetweenthe

two components.As with theablativechamber,thecavity lengthcanbeadjustedor completely

blockedaccordingto testrequirements.

Thetwo cooledcombustionchambersdiffer by theorientationof thecoolant

channels.Onecooledcombustionchamberhascircumferentialcoolantchannelsfor measuring

theaxialheatflux profile. Two circumferentiallycooledbarrelspoolpieces,4 and8inch in

length,areusedto varythechamberlengthsL'. Thesecondcooledchamberhasafixed lengthL'
with axialcoolantchannels.Theaxial channelsareplumbedin commonsothereis noprovision

for measuringindividual elementstreaking.An ablativelined ring providesthecapabilityto

installa bombassemblyandhigh frequencyinstrumentationfor perturbationandmonitoringof

thecombustionresponsewhile usingthecooledcombustionchamber.

Propellantflow passagesfor the3D injectorareshownin Figure4-30. The

primaryoxidizermanifoldwasformedby a Greylochubweldedto a flangecontaininga

distributionplate. A secondaryoxidizermanifoldwasformedbetweentheoxidizerdistribution

plateanda recessedareain the injectorcorebody. Removableinsertslocatedwithin this

manifoldcontrolledtheentranceof liquid oxygeninto theoxidizer injectionposts. Oxidizer

enterstangentiallythrough9 orificesin 3off-centeredrows,creatingthehollow coneoxidizer

swirl. The postswerebrazedinto theinterpropellantinjectorbodyandpassthroughtheprimary
fuelmanifold.

Theinjectorcorecontainsthefuel inlet, fuel manifolding,andinjection

elementcomponents.A Greyloc hub was welded to the outer diameter of the injector body and

directs the fuel flow into an annular torus. Drilled crossfeeds between attachment bolts channel

the flow into the primary fuel manifold, where it encounters the forest of oxidizer tubes. A fuel

distribution and filter plate, fabricated from diffusion bonded platelets, registers on the shoulders
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of the oxidizer injection posts. A secondary fuel manifold is located downstream of the fuel

distribution plate and upstream of the face platelet assembly.

Threaded couplers join the outer diameter of the oxidizer post to the face nut,

and direct the fuel flow from the secondary manifold into each element fuel annulus through

6 holes. The injector element fuel annulus is formed between the outer diameter of the oxidizer

post and the inner diameter of the face nut. Figure 4-31 illustrates the injector element assembly.

The faceplate assembly consists of a diffusion bonded platelet assembly

bonded to a backing plate. The removable face nuts were installed after the faceplate assembly

was attached. The face nuts register fiat with the chamber side face platelet surface. A copper

seal ring provides a compliant interface between the fuel distribution plate and the face ring.

The platelet injector face was regeneratively cooled by hydrogen which is

then bled from the face into the combustion chamber. The platelets also inject fuel coolant

axially and radially into the acoustic resonator.

A circular pattern of 108 elements is packaged on the 9.9 inch injector face

diameter for testing in a 9.2 inch diameter chamber. The liquid oxygen is ejected as a hollow

cone with a included free angle of 46 degrees, which is fixed by the swirl cap geometry. As

assembled, the oxidizer post is recessed 0.107 inches from the injector face.

4.3.2 Supporting Thermal & Structural Analysis

Thermal analyses (Ref. 16 and 17) were conducted in conjunction with

structural analysis (Ref. 18) to support the design efforts. To verify the structural adequacy of

the design, operational and proof loads were analyzed with a 2-D, finite element, axisymmetric

model. Analytical models were made of the injector body, the resonator ring, and the faceplate

region around a typical facenut. The injector body was subjected to an elastic analysis with

pressure loading only. Hand calculations were made for connectors, bolts, injector element

components, and instrumentation holes. Figure 4-32 illustrates the model constructed for the

injector body assembly. In addition to defining structural adequacy, the model also defined bolt

preloads and checked both the proof test configuration and the steady state loads at the sea level

thrust conditions of 80K lbf. Design criteria are listed in Table 4-10 and the operational

conditions listed in Table 4-11.



4.3. 3D (100K)ReducedSizeInjectorDetailDesign(Cont)

Theareasanalyzedarenotedin Figure4-33with theresultsof theanalyses

presentedin Table4-12. Positivestructuralmarginsandanacceptablecycle life werepredicted

for all designcomponents.

4.3.3 Major Subassemblies

Figure 4-34 illustrates the 3 major subassemblies of the 3D subscale injector

which are discussed in detail in the following sections. Drawings numbers are listed in

Table 4-13 for each of the components.

4.3.3.1 Oxidizer Inlet

A 6 inch diameter Greloc hub welded to a housing formed the primary

oxidizer manifold, as illustrated in Figure 4-35. All materials were CRES 304L. A distribution

plate assembly was welded to the inlet housing at the injector core interface. The distribution

plate assembly components are shown in Figure 4-36. The assembly consisted of a 0.675 inch

thick plate perforated with 0.5 inch diameter holes. An 18 gauge screen was diffusion bonded to

the structural plate. The oxidizer housing is shown in Figure 4-37 prior to final welding to the

Greyloc hub.

Fabrication flow logic for the oxidizer manifold is presented in Figure 4-38,

which lists the processes and sequencing required to produce the completed subassembly. The

completed hardware is shown in Figure 4-39.

4.3.3.2 Injector Body/Fuel Manifold

The integral injector and fuel manifold assembly is illustrated in Figure

4-40. This assembly packages the injector element, the injector core, and the fuel annular

manifold. Details of the injector element assembly are illustrated in Figure 4-41. A summary of

the fabrication flow logic for the injector body/fuel manifold oxidizer manifold is presented in

Figure 4-42. This lists the processes and sequencing required to produce the completed

subassembly.

The major components of the injector assembly include the as-machined

injector core, the as-machined fuel manifold, and the cavity ring, which are shown in

Figure 4-43.
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The welded assembly prior to installation of the injection elements is shown

in Figure 4-44. Figure 4-45 shows the sequence of assembly for the installation of the oxidizer

posts. Figure 4-46 shows the tooling used in the brazing process. To minimize risk to the

hardware, the oxidizer posts were fixed to maintain position of the exit nozzle. The controlling

dimension for the height of the oxidizer post was indexed at the shoulder of the oxidizer post. A

plate was bolted to the flange with standoffs and thru holes for the oxidizer posts. The plate

registered on the oxidizer tube shoulder with the oxidizer tube height adjusted accordingly.

The subscale brazing operation verified the ability to maintain dimensional

positioning of the oxidizer exit nozzle. Once the tubes were correctly positioned, no movement

of the oxidizer posts was experienced either in loading the injector into the furnace or in the

subsequent thermal cycling of the braze cycle. Based on this experience, the tooling requirement

for the large scale injector was eliminated. Improved indexing of the oxidizer post height was

also incorporated into the revised oxidizer post for the large scale injector, which involved

changing the dimensional datums and including a step on the oxidizer post. Figure 4-47 shows

the injector core in the vacuum furnace.

The injector is shown in Figure 4-48 following the vacuum braze operation,

ready for the final assembly of the fuel distribution plate, element couplers, and the face plate

assembly. Figure 4-49 shows the installation of these components with a side view in

Figure 4-50. The face plate assembly was installed and positioned by the face nuts, as shown in

Figure 4-51. A final weld of the face plate assembly to the injector core seals the fuel manifold

areas.

Following the weldment of the face plate assembly to close out the fuel

circuit, the oxidizer swirlers were threaded into the oxidizer manifold at the entrance of each

oxidizer post and staked into place. The completed injector body is shown in Figure 4-52 for the

chamber side and Figure 4-53 for the oxidizer inlet side.

4.3.3.2.1 Fuel Distribution Plate

The fuel distribution plate assembly consists of a diffusion bonded stack

of CRES 304 and 347 platelets. The features in the platelets serve a dual purpose of filtering and
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distributingthefuel. Figure4-54showstheplateletsprior to thediffusion bondingcycle. After
thediffusion bondingprocess,agroovewasmachinedon theouterdiameterfor the installation
of a metalsealin thefinal assembly.Thecompletedbondedpart is shownin Figure4-55.

4.3.3.2.2 FacePlateAssembly

Thefaceplateassemblyconsistsof a seriesof ZrCu plateletsdiffusion
bondedto aCRES304L backingplatewhich is weldedto aCRES304Lring. Thebackingplate
containsthedrilled inlet orifices to feedthefeaturesin theplateletstack.This assemblyis

shownin Figure4-56justprior to thefinal weldmentto the injectorbody. A summaryof the
fabricationsequenceis summarizedin Figure4-57.

Dimensionsof theplateletfeaturesweredesignedfor operationwith

methanefuel. Theflow passagesandfacebleedcoolingorifice dimensionsweresizedto control
thecoolantflow to maintainthefacetemperatureatroughly900degreesFahrenheit.Whenthe

programwasredirectedto usehydrogenfuel, thesteadystatethermalanalysiswasrepeatedfor
theexistingplateletfeaturesizesusinghydrogenproperties.The3-Dmodel includedthefirst
9 plateletsbackfrom thefacecooledby 5%of thehydrogenflowrate. The bulk hydrogen
temperaturesusedin themodelwereknowna'priori by scalingtheresultsof a2-D thermal

analysisfrom the40K LOX/CH4 injectordesign.Thescaledbulk temperaturerise for the
hydrogenwasthen106.8°F.Theprojectedsteadystateoperatingtemperaturesof theworst
thermalenvironment,at thefacenut,were184degreesFahrenheit.Although theplateletfeature
sizesfor thisovercooledfacewerenotchangedon thesubscaleinjector,thesefeatureswere

resizedin thefull scaleinjector to simplify thedesign.

Figure4-58presentsacrosssectionof theplateletcoolantgeometry
wheretheregenerativecoolantfeaturesareillustrated.Thefuel is bledout from thesurfaceof
thefaceat location1. Theplateletsareshownin Figure4-59beforebonding.

4.3.3.2.3 FuelFilm Coolant(FFC)

Fuelis injectedinto theresonatorcavity to cool thecavity andthe
combustionchamberwall, asillustratedin Figure4-60. Radialpassagesin theplateletstack
direct1.5%of thefuel flow radiallyinto thecavity. An additional0.75%,which is simply face
bleedoutboardof theouterrow of elements,is directedaxially acrosstheresonatoropening. A

changeableorifice in thefuel torusoppositetheinlet providesthecapabilityto vary theamount

of hydrogeninjectedinto theresonatorcavity.

Rr,rm00_6,z_ 35 _
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4.3.3.3 ResonatorRing

For longerdurationtestswhichwouldusetheIR&D water-cooledhardware,a cooledresonator

ring wasrequiredfor theassembly.Theresonatorring is illustratedin Figure4-61. The
fabricationsequencesfor producingthecompletedresonatorring aresummarizedin Figure4-62

Thecooledresonatorring consistsof a 304Lstainlesssteelouterhousing
with a zirconiumcopperliner brazedin place. Thesecomponentsareshownprior to brazein
Figure4-63. Coolantchannelsaremachinedinto thecopperliner. Thetwo matingcomponent
surfaceswereplatedwith a brazealloy, andthecopperliner shrinkfitted into thestructural
housing. Intimatecontactof thebrazesurfaceswasmaintainedduringthefurnacecycleby use
of a RAM loadedvacuumfurnace.Thebrazedassemblyis shownin Figure4-64.

Figure4-65showsthepartafterfinal machining.Theassemblyhas4 inlet
and4 exit portsfor thecoolantflow. Accessportsareprovidein thishardwarefor the
TEAL/TEB igniterandtwo highfrequencypressuretransducers.

Theresonatorring wasdesignedto form anacousticcavity wheninstalled
with the injectorcore. Blocks,illustratedin Figure4-66,canbeusedto adjustthecavity height

for differenttunesor to completelyblockoff thecavity accordingto testrequirements.

Theassemblydesignhadoriginally intended for the resonator ring coolant

passages to be fed from the injector body fuel manifold via 3/4 inch lines. Conversion of the fuel

to hydrogen and a reduction of the nominal chamber pressure resulted in an imbalance in the

required pressure for the resonator ring coolant circuits and the injector fuel inlet manifold. To

correct this pressure differential, the resonator ring circuits supply would be tapped off the main

fuel line instead of the injector body, as illustrated in Figure 4-67. An orifice is now placed at the

injector fuel manifold inlet downstream of the tapoff to provide higher pressure to the resonator

ring coolant circuits. At nominal steady state conditions the orifice pressure drop would be about

6OO psi. The higher inlet pressure for the resonator ring coolant circuits is required to ensure the

coolant channels operate at pressure greater to or slightly higher than the chamber pressure.

Prior to use of the resonator ring in hot fire testing, the coolant circuits are

to be flowed with ambient, gaseous nitrogen. All four inlet channels are to be plumbed

separately with provision for monitoring inlet pressure and temperature and including a

backpressure valve at the exit. Flow conditions can be calculated from pressure and temperature
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measurements made upstream of the orifice at the coolant channel exit. The expected flow rates

and pressure drops for each coolant circuit are listed in Table 4-14.

4.3.3.4 Combustion Chamber

All testing on this program utilized an ablative lined chamber which was

designed and built under ADP Contract NAS-8-38080. The chamber, illustrated in Figure 4-68,

consists of a stainless steel shell containing a composite liner. Fiberite MX2600 silica phenolic

was used in the composite for thermal insulation, and Fiberite MXB7707/181 glass epoxy for

structural retention of the silica phenolic. The liner was also retained by a ring which bolts to the

chamber housing. The chamber length from injector face to throat was 15 inches, and the

nominal contraction ratio was 2.82.

An acoustic resonator was formed at the chamber to injector interface.

Tuning blocks were available to fill the resonator space to allow testing with and without the

resonator. Gas temperatures within the acoustic resonator were measured with thermocouples

installed through the chamber wall.

4.3.3.5 Igniter

The stainless steel housing has access ports for two bomb assemblies and an

igniter, as shown in Figure 4-69.

Ignition was achieved with TEAL/TEB injected axially into the combustion

chamber. The igniter consisted of a 1/4 inch diameter copper tube brazed to a Swageloc fitting.

The assembly threads into the structural chamber housing.

4.3.3.6 Bomb Assembly

Two bomb ports were located 180 degrees apart, 2.7 inches downstream

from the injector face, and perpendicular to the combustion flow stream. Figure 4-70 illustrates

the bomb assembly design. The stainless steel plug threads into the structural shell of the

chamber, and positions the outer sleeve and end plate flush with the ablative chamber inner

diameter. The bomb assembly was originally designed for use with high pressure (36OO psia)

ablative-lined chambers. The design intended to minimize the detonation damage to the bomb

port that had been experienced on other programs. The bomb port design utilized a high strength

steel sleeve to direct the explosion inward and away from the ablative edge. A carbon phenolic

heat shield protected the bomb from combustion heat and premature ignition. The assembly was
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designedto allow 6.5to 13grainsof RDX explosive.Commonalityof this designbetweenother

NLS/STMEADP andAPD IR&D programsarereflectedin thecrosslistingof partsin
Table4-15.

4.3.3.7 Instrumentation

Table4-16 summarizestheinstrumentationportsthatwereprovidedon the

hardware.Instrumentationaccessportsin thepropellantmanifoldsandresonatorring arelocated

in Figure4-71. Staticpressure,temperature,andhighfrequencypressurecanbemeasuredin

bothmanifoldsalthoughupstreamof thedistributionplates.Staticandhighfrequencypressure

canbemeasuredin thecombustionchamberthroughthecooledresonatorring. Staticpressure

transducerslocatedalongtheablativechamberwall, asillustratedin Figure4-72,canbeusedto

measuretheaxialchamberpressureprofile.

High frequencyoscillationpressuresweremeasuredwith Model615M106

helium-bleedKistlersat six locationsin thecombustionchamber.Accessholes0.3 inch long
and0.1 inchin diameterweredrilled in theablativeliner to interfacewith thechamberKistlers.

Shocktubetestsof this inlet configurationwereconductedatAerojet to confirm theKistler

response.A typical responseis shownin Figure4-73.

Theresonancefrequencyof achamberKistler with 0.1 x 0.3 inch inlet

(with nitrogenastheshockmedium)occursaround17,000HZ, anda gainof 1.2(amplification

of 20percent)occursat about65OOHz, asFigure4-73shows.To measure3D subscale2T mode

frequencies(58OO- 65OOHz) withoutsignificantamplificationandlossof calibration,the

20percentgainwasrequiredat afrequencyno lower than6000Hz. Resonancefrequenciesof

theKistler inlet in oxygen/hydrogencombustionareexpectedto beabout25%higherthan

measuredin theshocktube,becauseof thedifferencesbetweenthehelium/nitrogenand
helium/combustionacousticinterfaces.

Ablativechambercombustionmeasurementsincludedstaticandhigh

frequencypressure.
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4.3.3.8 CleaningandFinal Assembly

After thethreemajor subassemblieswerecomplete,eachunderwentafinal

cleaning. Theoxidizerdomewasattachedto theinjectorbodyto facilitateflushingof the

system.BlankGreylochubswith fittings wereplacedon theinlet ports.

The hardwarewascertifiedto Aerojet'scleaningspecification,ATC-STD-
4940. Theoxidizercircuit wascertifiedcleantoLevel4OOandthefuel circuit to Level 2OO.

Theselevelscorrespondto thefiltration of all particleslargerthan2OOto 400microns,

respectively.Theselevelsweredeterminedby thesmallestfeaturesizein thepropellantcircuit

to preventclogging. Bothcircuitswerecertified to LevelA for non-volatileresidueandLevel K

for hydrocarbons.

After certificationof thecleanlinesslevel,thepartsweredehydrated.All

portswerethencappedoff andthehardwareshownin Figure4-74 wasdeliveredto thetestarea.

4.4 SUBSCALETESTING

4.4.1 40K Injector Testing at NASA-MSFC

In 1987, a test series using LOX/CH4 propellants was conducted at NASA-

MSFC with a 60 element 40K lbf thrust swirl coaxial platelet injector designed and built at

Aerojet. Data from the Lox/Methane Testing With This Injector is Documented in Reference 20.

This injector was tested again in 1990 with LOX/H2 propellants without change of injector

hardware. Test results for the 40K LOX/H2 testing from Reference 4 are presented in

Table 4-17.

Injector performance and combustion chamber thermal data from both

LOX/CH4 and LOX/H2 40K injector test series were evaluated on the LSI program. The injector

condition at the completion of the methane test series is shown in Figure 4-75. A

nonconcentricity of the element fuel annulus was noted on the outer row of elements, such that

the smaller dimension was located nearest the chamber wall. These nonconformities are believed

to affect both injector performance and chamber wall heat flux.
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Theheatflux dataobtainedfrom testingtheAerojet40K swirl coax injector

with LOX/CH4andLOX/H2propellantswereusedto developareactiveintegral boundarylayer

modelfor eachpropellantcombination.Theintegralboundarylayeris basedonsolving the

integralenergyequationandis describedin Reference22. With theboundarylayermodel,the

heatflux is specifiedat acertainlocationandthemodelcalculatesheatfluxesdownstreamof

thatpoint basedon inputcorrelationcoefficients.Forchamberanalysestheheatflux is usually

specifiedat eithertheendof theinjector-affectedregionor theendof thecylindrical section.

Figure4-76 presentsacomparisonof heatflux datato theboundarylayermodelfor LOX/CH4.

Themodelaccuratelypredictsthemaximumbarrelregionheatflux butslightly overpredictsthe
throatregionmaximumheatflux. Heatflux datageneratedfroma reactivemodelis shownto

accuratelypredictboth themaximumbarrelregionandthroatregionheatfluxesovera rangeof

mixtureratiosin Figure4-77.

Chamberwall heatloadswith LOX/H2 operationwerecorrelatedwith current

analyticalmodels. Figure4-78comparesheatflux profiles from theRD SSME40K, P&W 40K

from test#27,andtheAPD 40K injector. P&W test#27 wasconductedafterremovalof all the

chamberwall compatibilityfeaturesincluding fuel film cooling,oxidizer tip scarfing,andthe

outerrow MR biasfeatures.TheRD 40K injectorusedSSMEtypeshearcoaxialelements. Both

theAPD andP&W injectorsusedswirl coaxialelementsandweretestedon theNASA-MSFC

TestStand116. Thecontractionratio for theP&W 40K testingwaslarger thanfor theAPD 40K

testing,althoughthesedifferenceswerecompensatedin theheatflux profile analyses.

Axial calorimetricLOX/H2 heatloadwas measured with the APD 40K

injector (Ref. 4). Significant nonconcentricity of the fuel gap on the outer row of elements had

been observed. Higher heat fluxes were observed to fall in line with decreased fuel gap on all

tests. Figure 4-79 plots the axial heat flux versus the outer row element outboard fuel gap. This

localized higher heat flux may be due to localized fuel starvation around the element, and a

resulting increase in spray momentum angle. Test data indicate that heat flux was increased

approximately 10% in areas corresponding to a 25% reduction in fuel annulus gap. However, the

25% reduction in wall gap also corresponded to a 10% increase in momentum angle. This

correlation between momentum angle and heat flux for the 40K hydrogen tests is documented in

Figure 4-80.
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Injectorperformanceof theMSFC/APD40K swirl coaxialplateletinjector

with hydrogenfuel andmethanefuel werecompared.Figure4-81illustratestheC* efficiency
achievedasa functionof chamberpressure.TheLOX/H2 testingachievedsimilarC-star

efficienciesat thesamechamberpressuresastheLOX/CH4 testing.

For thehollow coneswirl coaxelements,themomentumangle,theresulting

angleof themomentumexchangebetweentheliquid oxidizerconeandtheconcentricaxial
gaseousfuel sheath,maybean influentialparameterin the injectorperformancebecauseof its
importancein intraelementatomizationandmixing. Theelementmomentumangleis afunction
of theelementpropellantflowrates,velocities,andoxidizer freeswirl angle,which in turn is a
functionof thegeometryof theswirl inlet andnot theoxidizer flowrate. Theeffectof calculated
momentumangleon theC* efficiencyis shownin Figure4-82. Similar injectorperformance
wasachievedwith similar momentumangleswith two different fuelswhichsuggestsan

importantinfluence. Similar injectorperformanceoccurredwith a widerangeof velocity ratios,
asshownin Figure4-83, indicatingthisparameterhaslesseffect. Increasingthevelocity ratio
reducedinjectorperformancebecauseof reducedmomentumangle. Theserelationshipsclearly
showthat shearingmechanismsaresecondaryto momentumexchangemechanismsfor hollow

coneswirl coaxoperation.

4.4.2 3D ( 100K lbf) Injector Testing at APD

The test requirements for the 3D subscale injector tests are described in the

Test Requirements Document (Ref. 21). This document provides the test objectives, test

hardware description, facilities descriptions, instrumentation requirements, test matrix, data

requirements, photographic requirements, cleanliness requirements, and proof, leak, and flow

procedures.

4.4.2.1 APD's Test Area Description

All testing was conducted on Test Stand E-6 at Aerojet Propulsion Division

(APD) shown in Figure 4-84. This facility had been recently renovated to test LOX/H2 thrust

chamber assemblies up to 300,000 lbf thrust. The LSI subscale hardware is shown on the test

stand in Figure 4-85.

Figure 4-86 illustrates the oxygen run system. Liquid oxygen was supplied

from a 300 gallon, 5600 psig capacity run tank through a 6 inch diameter line. Flowrate was

measured by two FlowTec turbine flowmeters. The flowrate was controlled by a 6 inch Valtek

position-programmable thrust chamber valve.
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A schematicrepresentationof thefuel run systemis presentedin Figure

4-87. Liquid hydrogenwassuppliedthrougha4 inchdiametervacuum-jacketedline from a
vacuum-jacketed600gallon,5600psigcapacityrun tankpressurizedby a servo-controlled
gaseoushydrogensupply. Gaseoushydrogenwassuppliedfrom a6800psig 1300cubic foot
cascade.Liquid andgaseoushydrogenwerecombinedin a mixer to generatetherequired
injector fuel temperature.A thermocouplerakedownstreamof themixer recordedradialfuel
temperaturevariationsfoundto be10to 30Rankinefor all tests.Theflowrate wascontrolledby

themixer inlet valves.Flowratewasmeasuredbytwo FlowTecturbineflowmetersdownstream
of themixer.

4.4.2.2 StartSequence

All testswereinitiatedwith anoxidizerleadinto thecombustionchamber

to prechill theoxidizer runlineandinjectormanifold. Hydrogenflow throughadumpvalve
prechilledthefuel runline. Theliquid oxygenleadwasignitedwith a mixtureof 15%

TriEthylALuminum/85%TriEthylBorane(TEAL/TEB), ahypergolwith oxygen. Combustion
andflow parametersfor theignition arelistedin Table4-18. After detectionof the

LOX/TEAL/TEB ignition, hydrogenwasinjectedinto thecombustionchamberandtheflowrates
rampedup to mainstageconditions.TheTEAL/TEB wasinjectedonly for ignition andnot
duringmain stageoperation.

Theinitial startsequence,illustratedin Figure4-88, includedaLevel I
operationat a lower chamberpressurethanthesteady-statemainstage.A chamberpressure
traceof this two-stepoperationis shownin Figure4-89.TheLevel I provided time to

temperature-condition the propellant manifolds at lower throat ablation rates so that propellant

manifolds would be fully chilled during steady state operation when throat ablation would be

highest. Low frequency combustion instability, or chugging, was noted during Level I operation.

Level I sequencing was removed from the operational sequence after Test 009 when propellant

manifold chill and fill times and throat ablation rates were suitably characterized. Figure 4-90

illustrates the final operational sequence used in the test series. Figure 4-91 shows a single step

chamber pressure trace.

4.4.2.3

Table 4-19 lists the kill parameters used for hardware protection.

Test Matrix

The purpose of the 3D subscale test program was to evaluate the full scale

3T mode combustion stability, injector hydraulics and performance, face compatibility, and the
-..j
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combustionchamberheatflux profile. Table4-20 summarizesthehardwareconfigurations

requiredfor demonstrationof thevarioustestobjectives.

Thepre-testmatrix for the3D hot fire testingis shownin Table4-21. The

testsweredesignedto operatethehardwareoverarangeof chamberpressuresandmixture ratios

surroundingthenominaldesignoperatingpoint asillustratedin Figure4-92. Fourseriesof tests

wereplannedfor a totalof 25 tests.Theinitial testserieswasdesignedto verify thevalve

sequencingandignition. Thenext threetestseriesusedtheablativechamberto determinethe

stability thresholdoverachamberpressureandmixtureratiosurvey,utilizing nondirectional
bombsmountedin thechamberwall.

For the lasttwo seriesof tests,thecooledcalorimetricchamberwasto have

beeninstalledtoobtainheatflux data. Unfortunately,becauseof fundingconstraintsno testing
wasconductedwith the3Dsubscalecooledcombustionchamberhardwareunderthiscontract.

4.4.2.4 TestDescription

4.4.2.4.1 TestSeries0

TestSeries0 includedtests001 thru005. Thetestobjectiveswereto

verify ignition andstartsequences,establisheventtimers,setkill limits, andverify propellant

manifoldchill timesandfill times. Theacousticcavityconfigurationfor this testserieswasa

monotuned1T. Leakageof theLOX valverequiredareplacementof thepistonsealsprior to test

004. Figure 4-93 shows a closeup of the injector and chamber prior to testing. The injector face

prior to test 004 is shown in Figure 4-94, and the chamber in Figure 4-95.

4.4.2.4.2 Test Series 1

The hardware configuration remained unchanged for Test Series 1 which

included tests 006-013. The test objective was to conduct bomb tests at steady state conditions

over the PC/MR envelope of interest. An acoustic resonator cavity was included to damp the

fundamental mode for conservatism and to provide combustion stability data for undamped

higher harmonic modes.

Based on the measured cavity temperature, the monotune 1T cavity

significantly damped the fundamental transverse acoustic mode at 4000 Hz. Modes identified
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from PSDanalysesincludedthe1L (2200Hz), thesuppressed1T(rangingfrom 2700to 3300

Hz), andthe2T (6600Hz). Peak-to-peakamplitudesat steadystatewerelessthan1%of PC.

Ablationof thechamberthroatduringTestSeries1 ispresentedin Figure

4-96 Thethroatdiameterincreasedbyapproximately0.09 inchduringeachtest. This ratedid

notappearto beastrongfunctionof eitherPC,MR, or testduration.

Figure4-97showstheconditionof theinjector faceandthechamber

barrelat thecompletionof TestSeries1. Upondisassemblyof the injectorfrom thechamber,the

copperring boltedto thechamberto form thesideof thetuningcavity wasfoundto bedeformed,

asshownin Figure4-98. Thedeformationwasattributedto theignition of LOX whichpooledin

thechamberandacousticcavity duringthelongLOX lead,igniting whenTEAL/TEB or

hydrogenwasinjectedinto thechamber.

During thetestseries,thefacenutswerefoundto haveloosened,which

wasattributedto Level I chugging. To eliminatetheneedto retorquebetweentests,thefacenuts

werestakedin placeasshownin Figure4-99.

At theendof testseries1,anassessmentof testsuccesswasmade.Three

areasof concernwereidentified: fuel manifoldchilldown, fuel flowratemeasurement,and

dynamicperturbationof thecombustionprocesses.

Initial testdataindicatedchilling of thefuel manifold required

extensivelylongerthanthe300mscalculation.Thedifferencewastracedto useof slow-

respondingthermocoupleswhichwerereplacedprior to test013. Dataaffectedby these

temperaturemeasurementsfrom previoustestswerecorrected.

Thefuel flowmetercalibrationcurvesprovidedby thesupplierdid not

providedataover theentirerangeof theLSI hydrogenrunconditions.After all testingended,

oneflowmeterwasremovedfrom theteststandandreplacedwith asquareedgeorifice, andflow

testswith hydrogenconducted.Theflowmetermeasuredmoreflowratethantheorifice in nearly

all tests. Consequently,aconstantreductionof fuel flowrateby 96.63%of theflowmeter
measurementwasusedto correctall fuel flowrates.

ThethirdconcernafterTestSeries1wastheinability to providea

significantoverpressurizationwith the6.5grainbomb. Overpressures,if distinguishable,were
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approximately7%zero-to-peak,where15%to 20%wasrecommended(Ref. 23). Early

detonationof thebombwasalsoexperienced,presumablythermally. Significantexpansionof

thebombsleeveindicatedthatthebombsweredetonatingratherthanfiring byerosiveburning.

For test014,thebombsizewasupgradedto 13grains,andadditionalthermalinsulationwas

providedduring theassembly.

4.4.2.4.3 TestSeries#2

Prior to TestSeries2, theablativeliner waschangedandtheacoustic

cavity wasblockedwith acopperring. About95%of theresonatorareawassealed,leavinga

0.030inch gapadjacentto the injectorcorefor passageof resonatorfuel coolant into the
combustionchamber.

TestSeries2 includedtests014to 019. Theobjectivesof this testseries

wereto investigatethedynamicstabilityof theundampedfundamentalmode(1T). Normal,full

durationoperationwasobtainedon tests017through019. Bombdetonationwascontrolledjust

prior to shutdownon tests017 and018. On test018,thebomboverpressurizationwas15%,

adequatebut still small. Although13grainbombswereused,theshelflife andstorage

conditionswerequestionable.

4.4.2.5 Investigationof Test019

A manifoldexplosionon test019createdalargeoverpressureduring the

starttransient.Theoverpressurizationwasnot longenoughto triggeranabortandthetestran

full durationwith normalshutdown.Figure4-100is acopyof theoscillographtracewhich

recordsthevalvemovementandmanifoldpressures.Approximately40ms afterthefuel valve

(LFTCV) startsto open,apressurespikewasobservedin thefuel manifold (PFJ). Figure4-101

showsthecorrespondingtemperatureresponsedata(TFJ). Of thefour thermocouplespresentin

thefuelmanifold,only tworegisteredduring thetest.

Inspectionof thefacerevealedanareaatthe7 o'clock positionwhere18

LOX post tips weremissing,shownin Figure4-102. Testingwasterminatedatthis time. Figure

4-103showstheinjectorafter removalfrom theteststand.Thechamberwasundamagedandis

shownin Figure4-104.



4.4. SubscaleTesting(Cont)

Neitherthetestprocedure,injectorkw's,nor theoperationalsequenceshad

changedprior to the incident. Differencesbetweentest019 andprevioustestsincludedcolder

hardwaretemperature,aLOX valveleakage,anda6-hourtimedelaybetweentests018 and019.

With theLOX valve leaking,thehardwarewasverywell chilled betweenthetwo tests. A liquid,

possiblyLOX, wasobserveddrippingfrom theendsof theoxidizer tubesinto thechamber

betweentests. Sincetheinjectorwasmountedhorizontally,therecessedLOX postmayhave

enabledLOX to pool in thefuel manifoldasillustratedinFigure4-105. In addition,nitrogen

purges,normallyon themanifoldsat all times,wereturnedoff whenpersonnelareworking

directly on thechamberbetweentests.Backlightingof theLOX/H2 mixture from thechamber

could haveoccurredduring thestartuptransient.

Thehardwareconditionis documented in Reference 24, the review of the

test data in Reference 25, and metallurgical examination of the hardware in Reference 26.

Prior to machining open the injector to allow access to the oxidizer posts, a

boroscope was used to internally inspect the fuel manifold areas illustrated in Figure 4-106. The

outer wall of the fuel inlet torus showed evidence of scorching opposite the damaged area on the

injector face. The remainder of the fuel manifold was clean. Some scorch marks were noted

exiting the fuel crossovers between the bolt holes. The oxidizer posts brazed into the injector

body looked to be intact. Braze joints and the backside of the fuel distribution plate looked

intact, with no evidence of scorching.

The face plate was intact and level, and the only damage noted was one

erosion area near an element as shown in Figure 4-107. The couplers that connect the face nut to

the oxidizer post and allow entry of the fuel into the face nut annuli were intact. The backside of

the FFC bleed holes and the FFC cavity was clean and intact. Blackened areas were noted on the

FFC orifice that feeds fuel coolant into the cavity.

Figure 4-108 summarizes the damage to the injector assembly, Figure

4-109 shows a side view of the oxidizer posts, and Figure 4-110 summarizes the damage to the

injection element assembly. Minor heat erosion was also noted on the oxidizer swirler inserts.

Whether this was due to normal operation of a hollow oxidizer cone swirler or related to the

anomaly is unknown. The internal surfaces of the LOX posts were clean, with machining marks

still evident.
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No leaksweredetected during a GN2 low pressure check to verify the

integrity of the oxidizer braze joints.

Based on pressure and temperature traces, combustion due to detonation of

LOX/H2 in the fuel torus was quickly extinguished and caused negligible damage. The LOX/H2

ignition behind the face plate resulted in localized damage to one or more oxidizer posts. Figure

4-111 shows a severely eroded oxidizer tip and notes the inspection results. The proposed failure

mechanism of this and the surrounding oxidizer posts is presented in Figure 4-112. Damage to

the oxidizer posts is speculated to have occurred during the start as the detonation in the

secondary fuel manifold ignited the fuel flowing through the coupler, directing a blowtorch

toward the oxidizer post. During steady-state conditions, the element operated normally with the

full pressure fuel flow containing the oxidizer cone. During shutdown, additional melting could

have occurred due to reduction of fuel pressure and resulting oxidizer spraying into the fuel

manifold.

The erosion seen on the tubes and corresponding injector components is felt

to have occurred during startup and shutdown transients. The damage was consistent with

melting due to high temperatures. A summary of the test anomaly sequence is presented in Table

4-22. Recommendations for future testing are summarized in Table 4-23.

4.4.2.6 Injector Rework

Figure 4-113 summarizes the fabrication flow logic followed for repair of

the injector body. Damage was moderate and the design allowed straightforward rework of the

injector elements. After the face plate assembly was removed, the threaded injector elements

were disassembled. Damaged oxidizer posts were machined out of the interpropellant plate to

allow new posts to be brazed in place. To ensure all of the old oxidizer posts had been removed,

the replacement oxidizer posts used oversized threads at the point of assembly into the injector

body.

The braze operation and final assembly of the injector followed the same

processes as discussed in Section 4.3.3.2 for the initial fabrication sequence. Following

completion of the repair, the injector body and oxidizer inlet were LOX cleaned and bagged.

The repaired injector is shown in Figure 4-114.
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4.4.4 Data Evaluation

Nineteen tests were condu6ted with the LSI subscale hardware. Table 4-24

lists the operating conditions for the 11 tests which obtained reasonable run times. All these tests

were conducted using ablative lined chambers.

The inlet injector pressure drops listed in Table 4-25 were measured from the

inlet line for the oxidizer circuit and the torus for the fuel circuit. The injector element pressure

drops were not measured but derived from cold flows of distribution plate coupons and hydraulic

analyses of the manifolding. These pressure drops represent the difference in pressure

downstream of the distribution plates to the measured face pressure. The fuel distribution plate

accounts for about 25% of the fuel circuit pressure drop from the inlet..

4.4.4.1 Combustion Stability

A radial dogleg 1/4 wav_. acoustic resonator at the head end of the

combustion chamber was included in tests 004 through 012. The effective resonator length was

3.3 inches from the chamber diameter to the back of the cavity. Gas temperatures measured in

the cavity, 0.9 inch from the entrance, ranged from 500 to 1400 Rankine, and are listed in

Table 4-26. The cavity temperatures are shown in Figure 4-115 to be a function of injected

mixture ratio. Calculations of the resonator sound speed indicated the resonator was operating at

a 1/4 wave frequency of the first tangential (IT) mode of the subscale combustion chamber. In

tests 014 thru 019, 95% of the resonator area was sealed with a block, leaving a small gap

adjacent to the injector core for the passage of the resonator fuel coolant into the combustion

chamber.

4.4.4.1.1 Statistical (Operating) High Frequency Stability

The operating or statistical high frequency stability of the 3D subscale

injector was examined by two means, the peak-to-peak amplitudes of discrete combustion and

manifold oscillations identified by power spectral density (PSD) analyses, and the peak-to-peak

amplitudes of unorganized combustion and manifold oscillations.

All discrete peak-to-peak oscillation amplitudes - identified in PSD

analyses of every high frequency transducer in the combustion chamber and manifolds - were
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lessthan1%of chamber pressure. Unstable combustion is usually denoted as discrete peak-to-

peak oscillations greater than 10% (Ref. 23), so these tests can be considered stable. No

measurable differences in discrete oscillations amplitudes were observed between tests with and

without the acoustic resonator. All discrete high frequencies and peak-to-peak amplitudes which

were identified in PSD analyses are listed in Table 4-27. Examples of PSD plots from test 012

are shown in Figures 4-116 to 4-119, and from test 018 before the bomb event in Figures 4-120

to 4-123, and after in Figures 4-124 to 4-127. Further identification of acoustic modes in the 3D

subscale tests with phase analyses was not pursued because the amplitudes of the oscillations at

all frequencies were less than 1% of chamber pressure, not significantly above the noise levels to

warrant correlation.

The operating roughness of the swirl coaxial combustion was assessed

with the peak-to-peak amplitudes from analog high frequency pressure oscillographs. Table 4-28

lists the unorganized peak-to-peak oscillations amplitudes in the combustion chamber and the

oxidizer manifold. In all tests the unorganized peak-to-peak oscillations were less than 9% of the

chamber pressure. Rough combustion is usually defined as unorganized peak-to-peak

oscillations greater than 10% (Ref. 23), so these tests can be considered quiet.

The peak-to-peak amplitudes of the unorganized combustion and

manifold oscillations are plotted versus PC and MR on Figures 4-128 and 4-129, respectively.

The spectrum amplitudes are generally constant except for the oxidizer manifold oscillations,

which appear to decrease at higher mixture ratios. The normalized spectrum amplitudes are

shown in Figures 4-130 and 4-131 versus the normalized oxidizer and fuel injector circuit

pressure drops, respectively. The normalized spectrum amplitudes are clearly reduced as the

normalized pressure drop increases. This reduction is characteristic of injection coupling

systems such as coaxial injectors. A reduction in the spectrum amplitude may increase the

stability margin of an injector, since the unorganized spectrum is an energy source for the growth

of linear instabilities.

4.4.4.1.2 Dynamic (Bomb) High Frequency Stability

The primary objective of the 3D subscale ablative chamber testing was to

investigate the dynamic stability of a LOX swirled coaxial element injector. Nondirectional

bombs located within the ablative chamber wall 2.7 inches downstream of the injector face were

detonated in an effort to perturbate the combustion processes. The dynamic response was
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measuredby 6 highfrequencypressuretransducerswithin thecombustionchambernearthe

bombport.

Bombswith 6.5and 13grainsof RDX explosiveweredischargedon7

tests;theresultingoverpressuresandtheinjectoroperatingconditionsattheoverpressuresare

shownin Table4-29. Onlyonebombgeneratedanoverpressuregreaterthan10%of chamber

pressure.Theotherbombs,at leasttwoof whichexplodedprematurely,generatedoverpressures

lessthan6%of chamberpressure.Reference23suggestsaminimumof 10to 20%overpressure

for avalid dynamicstabilitytest. Dynamicstabilityof theLSI elementcannotbeconsidered
well characterizedwith theresultsof thesetests.

Althoughbomboverpressuresweregenerallysmall,combustion

oscillationsdampedin 3 millisecondsor lessfrom all of theartificial perturbations.Combustion

responsesto thebomboverpressuresfor test018is shownin Figure4-132.

A manifoldexplosiononTest019createda largeoverpressure(>100%

of PC)duringthe starttransientwhich is shownin Figure4-133 Theexplosionwasdueto a

pretestaccumulationof liquid oxygenin thefuelmanifold,anddamaged18injectorelementsas

describedin Section4.4.2.5. Theexplosioninducedachugoscillationwhichdampedin 50ms

andhigh frequencyoscillationsin thefuel toruswhichdampedin 10ms. Thefollowing full

duration(0.75second)testwasstable.

4.4.4.1.3 Low FrequencyStability

Low frequencycombustioninstability,a nonacoustic,feed-coupled

chugging,occurredon tests004 andthethreeLevel I tests006-I,007-I, and009-I. Thechug

oscillationswereverynearlyspatiallyandtemporallyuniformthroughoutthecombustion

chamber.Chugfrequenciesvariedbetween235and280Hz, dependinguponthechamber

pressureandmixtureratio, asshownin Figure4-134,andalsothehydrogeninjection

temperature.Thephaseof theoxidizermanifoldoscillationlaggedthechamberoscillation

between40and90degrees,asshownin Figure4-134. In deeperchuginstability,or throttle
further from neutralstability, thechugfrequenciesarelowerandthephaselag larger.

Chugstableoperationwasdemonstrateddownto 1520psiachamberface

pressureon test007-1I,a throttleof 62percentfrom thenominalfacechamberpressureof 2470
psia. Chugstableoperationwasalsodemonstrateddownto 1750psiaon test016,athrottleof
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71 percentfrom thenominalfacechamberpressureof 2470psiaandthenominalmixture ratioof
about7.2.

NormalizedelementpressuredropsareplottedonFigure4-135. These

datashowthecharacteristicliquid oxidizer/gaseousfuel chugrelationshipdescribedin Reference

23 whereincreasingliquid oxidizerpressuredrop is stabilizing.

Thechugdatawereusedto calibrateaninternalchugstability computer

model (Ref.27),a lumpedparameter,doublecombustiontime laganalysisbasedonWenzeland

Szuch(Ref.28). Combustiontime lagswerecomputedfrom theratiosof calculatedcombustion

distancesandinjectionvelocities. Thecombustionplanewascalculatedto occurafter intactcore

breakupandsuitablevaporizationof themassmediandropletsize. Mixing andcombustion

kineticswereassumedto beinfinitely fast. Thetotal injectiontimelagof thefuel circuit (for

gaseousinjectionto thecombustionplane)wascomputedfrom theproductof theoxidizer total

timelagandtheratioof oxidizer to fuel injection velocities.

Thepredictionof chugstability threshold(or neutralstability) usingthe

3D subscaletestdatais shownastheuppercurvein Figure4-134. Frequenciesbetween200and

300Hz wereobservedin PSDanalysesof test016,althoughoscillationamplitudeswereonly

12psipeak-to-peak(0.7%of chamberpressure).ThelowercurveonFigure4-134is the

calibrationusedto modelchuginstabilitiesthatoccurredduringLOX/CH4 testingof the40K

plateletinjector (Ref.20). Thesmallertimelagsresultedin slightly improvedmarginandstill

acceptablemodeling. Forcingthemodelto predictneutralstabilityat test009-I,however,forced

thepredictedchugfrequenciesgreaterthan400Hz, which wasgreaterthantheobserved280Hz.

Thetwo curvesshownin Figure4-134arethusthebestchugstabilitypredictions.

Thecalibratedchug-freethrottlepredictionatthenominalmixture ratio

of 7.18shownonFigure4-134is between1050and 1150psia,or athrottle to 43% to 47% from

thesubscalenominalchamberfacepressureof 2470psia.

4.4.4.2 CombustionPerformance

Characteristicexhaustvelocityefficiency andenergyreleaseefficiency

werecalculatedfor thesustainedhighpressureablativechambertests.All datawerecalculated

from a0.100secondintervaljust prior to shutdown.The barrel,throat,andnozzleexit diameters

of theablativechamberusedfor calculationwerethosemeasuredaftereachtest. Nitrogenpurge
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gasinjectedfrom theigniterportwasaddedto theinjectedflowrateasavery smalladjustment

(lessthan0.1%). Parasiticfuel flows, listedin Table4-24, ranged from 5 to 8% for face bleed,

and 2 to 3% for acoustic resonator (chamber periphery) injection.

Characteristic exhaust velocity efficiencies were estimated by assuming

one-dimensional Raleigh total pressure losses to the throat plane, Combustion chamber barrel

static pressure was measured in the acoustic resonator 0.2 inches downstream of the injector

faceThe Raleigh loss ranged from 2.5 to 4 % and was dependent on post test contraction ratio

and the specific heat ratio of combustion gases.

The energy release efficiency (ERE), the ratio of delivered specific impulse

to calculated perfect-injector specific impulse, was calculated from thrust measurements with a

2.2:1 expansion ablative nozzle. The perfect injector specific impulses were calculated with the

JANNAF-standard TDK computer program (Ref. 29). Kinetic, divergence, and boundary layer

losses were calculated for each test as a function of propellant enthalpy and varying ablative

chamber contraction and expansion ratios. A thrust bias of about 1.5 % was determined by static

thrust stand load cell calibration. No adjustments were made to the thrust measurements due to

base pressure effects since base pressures were not measured.

All performance efficiencies are shown in Figure 4-136 as functions of

chamber pressure and mixture ratio. Characteristic exhaust velocity efficiencies were generally

higher than energy release efficiencies, although the agreement between efficiencies improved at

higher chamber pressures.

Analyses of the MSFC/APD 40K platelet injector tests (discussed in

Section 4.4.1) found that the momentum angle, the resulting angle of the momentum exchange

between the liquid oxidizer cone and the concentric axial gaseous fuel sheath, is an influential

parameter in the performance of hollow-cone LOX-swirl coaxial element injectors. The element

momentum angle is a function of the element propellant flowrates and velocities, and the

oxidizer free swirl angle, which in turn is a function of the geometry of the swirl inlet and not the

oxidizer flowrate.

The LSI 3D subscale injector performance, however, did not appear to be

influenced by the momentum angle, as shown in Figure 4-137. Yet comparison with the

LOX/CH4 and LOX/H2 performance data from the MSFC/APD 40K swirl coaxial injector,
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shown in Figure 4-138, shows that similar combustion performance was achieved with similar

resulting momentum angles. Higher injector performance was achieved only with higher

resulting momentum angles.

The dependence of injector performance on the fuel-to-oxidizer velocity

ratio is shown in Figure 4-139. Reducing the velocity ratio at these nominally low values

increases the injector performance of hollow cone swirl coax element injectors, since the

momentum angle has been increased. This result is in contrast with injector performance

characteristics of non-swirled or shear coax element injectors, which rely on high injected fuel-

to-oxidizer velocity ratios or relative velocities to obtain high performance because of the

dependence of the atomization and interelement mixing on the shearing rate. At very high

velocity ratios, the performance of the hollow cone swirl injectors may eventually increase since

the hollow cone will have collapsed and the shearing effects become dominant.

Since similar performance was obtained between the 3D (100K) and the

40K injectors over a wide range of velocity ratios, and in all cases increasing the velocity ratio

reduced performance, pure shearing of the oxidizer cone cannot be a primary mechanism for

atomization and mixing of hollow cone oxidizer swirl coaxial elements. This implies that self

atomization of the oxidizer stream with its own conical injection is an important mechanism in

the atomization, and the forced radial motion is important for mixing. These concepts point to

the importance of a parameter like the momentum angle for intraelement and interelement

performance.

Recent analyses applying regression techniques (Ref. 30) identified the

importance of fuel velocity alone on injector performance. In these studies, the fuel velocity

term Vf 2 was identified as the dominant parameter contributing to the spread in injector

performance for three hollow-cone oxidizer-swirl coaxial injectors with varying swirl features.

Reducing the fuel-to-oxidizer velocity ratio had been found to consistently increase injector

performance, as shown in Figure 4-139. In Reference 30, however, the mixing characteristics of

hollow cone swirl coaxial elements were attributed to the fuel velocity term alone rather than to

momentum exchange parameters such as the momentum or velocity ratio or the momentum

angle.



5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

A 21.9 inch diameter full scale injector was delivered to NASA/MSFC in September

of 1991, per contractual requirements, and is awaiting testing. This injector was designed to

operate with liquid oxygen and gaseous hydrogen propellants at flowrates equivalent to 580K lbf

thrust. The injector was designed to interface with a Rocketdyne-supplied, hydrogen cooled,

combustion chamber.

The 580K lbf thrust full scale LSI injector is representative of the combustion device

technology required to develop a 640K lbf LOX/hydrogen STME engine. It can provide invalu-

able early high frequency combustion stability, injector performance efficiency, injector and

chamber thermal durability, and throttleability/chug stability data for STME development.

Preliminary evaluation of the full scale injector operating characteristics was provided

by strategic sized, subscale testing using an injector with unscaled injector elements. The stable

operation in the undamped 3T=IT subscale testing showed that the injector element stability was

acceptable for further fullscale development. Actual full scale operating characteristics were

predicted with the ROCCID computer model anchored with data from the subscale testing.

The full scale injector is predicted to operate stably and quietly without damping

devices at nominal conditions. Combustion response to a thrust chamber bomb, although not

fully anchored by subscale testing, is predicted to be stable. Throttling of the full scale injector at

nominal mixture ratio is predicted to be chug free down to 48% of nominal chamber pressure.

Characteristic exhaust velocity (C-star) efficiency is predicted to be 97% at nominal

conditions. Most of the performance inefficiency is attributed to non-optimum single element

mixing. Parallel effort on NLS development has predicted that higher injector performance

(> 99% C-Star efficiency) can be achieved with this coarse pattern (546 element) injector with

element geometry modifications.

Full scale combustion chamber heat flux was predicted with an integral boundary

layer model anchored with calorimetric heat load measurements in 40K subscale testing. About

4.5% fuel film coolant is used for chamber wall thermal control, which, along with approxi-

mately 0.4% fuel face coolant, creates an injected mixture ratio of about 4.5 outboard of the

centerline of the outer row of elements.



5.1. Conclusions(Cont)

Maximumwall temperatureat nominaltestconditionsin thehydrogen-cooled,dual

width,axially slottedRocketdynechamberispredictedto be990degreesFahrenheitjust

upstreamof thethroat,with heatflux of 76Btu/in.2-sec.Thesepredictionsincludedastreak

factorof 1.2to accountfor potentialinjectorcircumferentialnonuniformities.

Thetestingof this injector is animportantfeatureof theSTMEdevelopmentplan,

presentedin Figure5-1. Demonstrationof astable,compatibleinjectorearlyin component

testingreducesrisk to otherhardwareduringsubsequentearlyenginedevelopmenttesting. The

developmentplanshownin Figure5-1alsoincludesparallelplansfor optimizing theinjector

elementperformancebasedoncontinuedsingleandsubscalemultielementtesting.

5.2 RECOMMENDATIONS

Testingthefull scaleinjectoris highly recommendedto provideearlythrustchamber

stability, performance,andcompatibilitydemonstration.Testingprior to anymodificationsis

recommendedto validatethepre-testpredictions.Validationof thesepredictionswill increase

theconfidencein subsequenthardwareimprovementsanddemonstratetheeffectivenessof

strategicsubscaletestingandinjectorcharacterization.

Designchangesarerecommendedto simultaneouslyimprovetheinjectorperfor-

manceandreducethefuel injectorpropellantcircuit pressuredrop. Thesetwo factorsare

directly relatedin hollow-coneoxidizer-swirledcoaxialelementoperation. Increasingthecoax-

ial elementfuel injectionareaby increasingfacenutopenarea(innerdiameter)is predictedto

increaseinjectorperformanceandreducefuel pressuredrop. This is a simpleoption sincethe
facenutsareremovable.Swirl coaxialelementinjectorshavebeenstableandhighperforming

with lower fuel pressuredropin smallersizehardware,althoughtheywerenotbombedto

demonstratedynamicstabilitymargin.

Increasingthefreeoxidizer swirl anglewith swirl capsredesignedfor lessinlet areais

alsopredictedto increaseinjectorperformance.This is alsoa simpledesignchangesincethe

swirl capsareremovable.Higheroxidizerinlet pressurewouldberequired,however,unlessthe
oxidizer tubeborediameterwerealsoincreased.

All changesto increaseinjectorperformancewouldalsoimprovethechug-free

throttlemarginof thedesign.



5.2. Recommendations(Cont)

Theavailabilityof the580K lbf thrustinjectorandcombustionchamberearlyin the
STMEdevelopmentplancanprovidevaluabledatathatwill assistin thesuccessof theultimate

STMEenginetesting. The580Klbf thrustinjectordesignalsoprovidesflexibility to accommo-

datefuturetestingof operationalenhancementfeatures.
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LSI FLOW SPLIT AND MIXTURE RATIO COMPARISON FOR LOX/H2

0.981

Cstar

MR

Dthroat

CR

Total Flow

Oxid Flow

Fuel Flow

Fuel Temp

Pcfacestatic *

Pcnozstagnation *

%FFC (H2)

%Face (H2)

%Baffle (H2)

%Elem (H2)

FFC

Face

Baffle

Elems

No. Elem

Flow Elem

Oxid Flow

Fuel Flow

Elem MR

*Updated

Full

7345.

6.700

12.500

1270.500

1105.700

165.030

147

2356

8.00%

6.28%

4.26%

81.47%

13.202

10.359

7.025

134.443

546

2.271

2.025

0.246

3-D 3-D ALS

7311. 7149.q 7345.7

6.834 7.462 6.700

5.480 5.480 12.812

2.82 2.82 2.69

250.712 248.018 1270.500

218.710 218.710 1105.700

32.002 29.308 165.030

147 147 147

2476 2317

2446 2388 2249.9

10.50% 2.27% 8.00%

6.40% 6.99% 6.28%

0.00% 0.00% 4.26%

83.10% 90.74% 81.47%

3.360 0.666 13.202

2.049 2.049 10.359

0.000 0.000 7.025

245.303 245.303 134.443

108 108 546

2.271 2.271 2.271

2.025 2.025 2.025

0.246 0.246 0.246

8.224 8.224 8.224

Units

ft/sec

Inches

lbm/sec

lbm/sec

lbm/sec

Rankine

psia

psia

%

%

%

%

Ibm/see

lbm/sec

lbm/sec

lbm/sec

lbm/sec

lbm/sec

lbm/sec

t

Rvr/H0016127-T_ 1
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FULL SCALE LSI PORT NUMBERS

i

DRAWING NUMBER
i i .

1204134
1204145
1206466
1206467
1206468
1206469
1206470
1206471
1206472
1206473
1206477
1206479
1206481
1206482
12O6484
1206485
1206486
1206487
1206488
1206489
1206490

1206491
1206516
1206518
1206519
1206520
1206521

.1206522

i , ,

.... DRAWING TITLE
hl I : J I I I

Face Nut
Insert

Thruster Assembly
Thrust Mount

Igniter
Oxidizer Cover Assembly
Oxidizer Distribution Plate

Injector body Assembly
Oxidizer Injection Tube
Bomb Face Nut
Coupler
Face Plate Assembly
Backing Plate
Cover Plate, Injector Leak
Nut, Ox Cover

Igniter Adapter
Fuel manifold Assembly
Proof Plate, Ox Cover

Thrust Mount Spacer

Injector Braze Assembly
Bomb, Tube Assembly
Injector, First Machine
Layout
Stud, Injector Ox Inlet
Proof Plate, Thruster
Cooled Face Nut

Injector Cover Plate

,Fuel Distribution P,!ate, Machined
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COMPONENT MATERIALS

Thrust Mount Spacer Plate:
Thrust Mount:

Igniter:

LOX Dome:

Injector Body:
Operation Shaft:
Fuel Manifold:
LOX Tubes:

Face Extension Ring:
Couplers:
Face Nuts:
Face Plate:
LOX Feed Tubes:
Fuel Feed Tubes:
Proof Shaft:
LOX Dome Proof Plate:

LIn_ctor Proof Plate:
X Dome Nut:

Fuel Distribution Plate:
Fuel Diffuser:

Igniter Conduit:
LOX Swifter Caps:
Injector Shaft:
Bolts:

To:
TU :
Tip:
Adapter:
Dome:
Dist. Plate:
LOX Filter:

6061-T6

304L
304L
Zr .15 Cu
304L
CRES 304L
304L
304L
304L
304L
304L
347
304L
Nitronic 60

Glidcop FR AL-15
Zr .15 Cu
304L
304L
4130
A36 Steel
A36
Nitronic 60
304L
304L
304L
304L
304L
A-286
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LSI COMPONENT STRUCTURAL ANALYSIS

Component Analyses

• 2D Model (Operation)

Thrust Mount

LOX Dome

Injector Body

Fuel Manifold

• Proof Models

Face Extension Ring

LOX Tubes

Couplers

• Face Nuts

• Face Plate

• LOX Feed Tube

• Fuel Feed Tube

• Igniter

• Bolts

CHILLDOWN TRANSIENT RESULTS AFTER 5 SECONDS

Component

Oxidizer Distribution Plate

Oxidizer Dome

Face Extension Ring

Fuel Cover at Inlet

Surface

Temperature °F

-285

-264

-281

-297

Penetration
Distance, in.

0.55

0.50

Maximum

Temperature °F

-278

-94
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TAKLg_  :IL

INJECTOR FACE COOLING MODIFICATIONS

No. Radial Channels Per Element

No. Bleed Holes Per Element

Coolant Flow, % Fuel

Maximum Face Temperature, °F

Subscale

Design

48

48

5.0

184

Full Scale

20

24

4.1

700

A TWO-FIN MODEL WAS USED TO ANALYZE THE IGNITER TIP

Tube
Material

CRES

ZRCU

Axial
Location

SURFACE

_PBASE

SURFACE

_PBASE

Temperature, °F

Hole Surface

247

-246

227

-260

Maximum

953

3O

919

-42

2.6.0_4
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LS! IGNITER TIP ANALYSIS
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APD LSI FS HARDWARE

1206466 Thruster Assembly

Part No.

NASA/MSFC*

1206488-1

1206467-9

1206469-9

1206471-9

1206486-19

1206519-9

6GR52

Component

Test Stand*

Spacer

Thrust

Mount

Oxidizer

Cover

Injector Assy

Fuel Inlet

Manifold

Proof Plate

Greyloc
Blind Hub &

Flange

Seal

380002642

380002643

AS568-

473

Provided

Bolt

Qty.
8 ea.

8 ea.

44 ea.

50 ea.

60 ea.

Bolts

(.750-16 uNF)*

72990-16H-22

EWB-0420-

12H-35

EWB-0420-

12H-44

.625-18 UNJF-
3A x 5 LG

Torque Weight
ft/lbs (Ibm)

( )*
-- 68

600-700 556

410-430 824

410-430 676

1241

180-190 650

MOO
ea.

*MSFC Supplied
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TABLE 3-16.

APD LSI FS IGNITER TEA/TEB CONDITIONS
(BASED ON INITIAL LOW LEVEL LOX FLOW)

Start Conditions

WLOX

WTEAL/TEB

APTEAL/'I'EBcircuit

PCLOX/TEAUTEB

TEA/TEB Conditions

Interface Pressure (psia)

Interface Temperature (°F)

Absolute Filtration (micron)

Interface Type

= 450 Ibm/sec

= 6 Ibm/sec

-- 1200 psi

= 100 psi

= 3500

= Ambient

= 500

= AN815-8 fitting
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APD LSI FS INJECTOR CDA VALUES

(SCALED FROM SUBSCALE FLOW DATA)

Cold Flow

Hot Flow

Oxidizer Fuel
kw* CdA kw* CdA

48 9.1 39 7.4

43 8.1 34 6.4

Units
kw* CdA

Ibm/sec in =
,/Tbf/in'

* kw =. AG'-_p
VL--II m

p.,o

- 5.28 CdA

CIRCUIT

LOX

Fuel

TEAL/'rEB

T3,BI,F.J ¢

APD LSI FULL SCALE TESTING
GN2 PURGE LEVELS

....... :I:: Supply i:i.,i
CONDITION Pressure::::1

(psia) "

Start-Up
Shutdown*
Trickle **

Start-Up
Shutdown*
Trickle **

S.S

1700
1700

5O

1700
1700

50

3500

5
25

14
14

1.5

Minimum
Line Dia.

(inches)

2.0

2.0

0.75

Minimum
Orifice Size

(inches)
n

0.47
1.04
0.47

0.78
0.78
0.78

0.2

Interface Temperature -- Ambient
Absolute Filtration (microns)- 400

" Check Valve Operated

"" Between Test Purges
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APD LSI FS LOX CIRCUIT

Flowrate (Ibm/sec)
Interface Pressure (psia)
Interface Temperature('F)
Ablosute Filtration (micron)

Minimpm

755
2050
TBD

Nominal

1106
3205
-285
4O0

N2 Purge

Flowrate (Ibm/sec)
Supply Pressure (psia)
Minimum Orifice Size (inches)
Minimum Line Diameter (inches)

Interface Temperature
Absolute Filtration

Trickle
Lbjzuum_T.Qt_

50

m

m

Start-Up

5
1700
0.47
2.0

Nominal

Ambient
400

Maximum

1300
4000
TBD

Shutdown

25
1700
1.04
2.0

m

m

APD LSI FS HYDROGEN FUEL CIRCUIT

Flowrate (Ibm/sec)
Interface Pressure (psia)
Interface Temperature('F)
Ablosute Filtration (microns)

Minimum Nominal Mpximum

115 165 205
2050 3111 3500
TBD -300 TBD

-- 400 --

Flowrate (Ibm/sec)

Supply Pressure (psia)
Minimum Orifice Size (inches)
Minimum Line Diameter (inches)

N2 Purge

Trickle
Start-Up

m 14

50 1700
-- 0.78
-- 2.0

Nominal

-- Ambient
-- 400

Interface Temperature
Absolute Filtration

Shutdown

14
1700
0.78
2.0

m

m
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LSI FULL-SCALE INJECTOR FUEL FLOW SPLITS

TOTAL FLOW

COMPONENT % SPLIT OF TOTAL FUEL FLOW

(i) Elements

(2) Face Coolant

- surrounding elements

- baffle alleys

- axial underlip

(3) Discrete FFC

(4) Igniter

91.092

4.105

0.306

0.287

4.210

0.000

i00.000

CORE FLOW (inside CL of outer row)

COMPONENT
_ a_ mem_D m

(i) Elements

(2) Face Coolant
- surrounding elements

- baffle alleys

- axial underlip

(3) Discrete FFC

(4) Igniter

% SPLIT OF TOTAL FUEL FLOW
nm

84.562

3.721

0.283

0.000

0.000

0.000

88.566

BARRIER FLOW (outside CL of outer row)

COMPONENT

(i) Elements

(2) Face Coolant
- surrounding elements

- baffle alleys
- axial underllp

(3) Discrete FFC

(4) Igniter

% SPLIT OF TOTAL FUEL FLOW

6.530

0.384

0.023

0.287

4.210

0.000

11.434
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COMPARISON OF OPERATING CONDITIONS

l)arametcrs Nominal

Thrust, K ibf

Chamber Pressure, [_a

LSI InJectors (@ EPL)

FULL

~691 @ 5:1

3647

3-D

"133 @ 5:1

3559/3522

2-D

~97 @ 2.7:1

3546

Engine ]_axture Ratio 3.8 3.72/3.82 3.45

Oxidizer Flowrat¢, IbrrVscc 1784 344.4 268.8
Fuel Flowrate, Ibm/see 490 92.7/90.3 + 12.0 78.0

% Fuel F_n Coolant 2 a (3 '_) 4.6/2.0 (8 Max.) e.O

% Fuel Face Coolant 10 11 "10

% Fuel Baffle Coolant 4.6 + 1.5 FFC N.A. 2.6 + 0.9 FFC

% Fuel Element e2 e4.e/ee.9 70.5
185 185 185

370 370 370

790 780 790

1000

20.1

1000 1000

20.1 20.1

96

Oxidizer Inlet Tem_

Fuel Inlet Tem_ R

Oxklizer In" Delta P "d

Fuel In Densit, Ibm/ u.ft
No. Element 123

E_men_

Stability Aids

Chamber Diameter, inches

630

Swirl Coax Swid Coax Swid Coax

Cavity& Baffle Cavity Cavity & Baffle

21.0 9.2 17.9 X 2.95

Contraction Ratio 2.8

18.3

2.8 2.8

16.0/19.8 & 16.0/9.7 15.0

7.3/12.1 & 10.3/5.0

Chamber Length, inches
6.7 4.2

" NOTE: ADDITIONAL FFC MAY BE INJECTED FROM RESONATOR OR AXIAL HOLES MACHINED IN FACE
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T___Ae_LK_4 

LOADS AND ENVIRONMENT

Operation

Pc

Pox Manifold

Pfuea Manifold

Temperature Max.

Test (Proof)

PChamber

Plnjector

= 3600 psi

= 4800 psi

= 5100 psi

= 1040°F

= 4500 psi

= 6375 psi

RPTB-10016.127-T- 3 _0



TABLE 4-5.

2D SUBSCALE MAXIMUM GAP AT SEAL

Seal

Location

Ox Manifold/Injector Body

Injector Body/Chamber

Chamber/Retainer Plate

Retainer Plate/Proof Plate

Chamber Proof

P = 4500 psi

0.0015 in.

O.0003

0

0

Injector Proof
P = 6357 psi

0.0053 in.

0.0014

RPT/H0016.127-T-2 81
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2D SUBSCALE DRAWING #'S

2D (Rectangular) Injector and Chamber Drawing List

Drawing
Number

1204150

1204151
1204152
1204153
1204155
1204156
1204157
1204160
1204158
1204159
1204160

1204161
1204162

1204163
1204164
1204166
1204167
1204169
1204170
1204172
1204173
1204174

f.emaeaem

Engine Assembly
Inlet Housing Assembly, Oxidizer
Distribution Plate, Oxidizer

Injector Body Assembly
Distribution Plate, Fuel
Baffle, Assembly
Injector Assembly
Bomb Assembly
Thrust Chamber Assembly
Tuning Block
Bomb Assembly
Retainer Plate

Proof Plate, Chamber
Cover Plate/Proof Plate, Injector
Detonator Assembly
Faceplate Assembly
Backing Plate, Baffle
Liner, Chamber
Shell, Chamber

Thermocouple Assy
Adapter, Transducer
Backing Plate, Face
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TABLE 4-10

LOADS AND ENVIRONMENT

Strength
Proof*

Operation

Test Stand

Attachment

Life

Cycle Life

Total Duration

1.0 On Yield
1.4 On Ultimate

1.1 On Yield
1.5 On Ultimate

1.5 On Yield

2.0 On Ultimate

4.0

250 Seconds

*Proof Pressure = (1.25) MEOP

v

T2dlLK.4:I 

LOADS AND ENVIRONMENT

Operation

Pc = 3600 psi

Pox Manifold = 4800 psi

Pfuel Manifold = 5 I00 psi

Temperature Max.(2) = 1166°F

Test (Proof)

POutmber -- 4500 psi

_ Plnjeetor_ = 6375 psi
(2) Kesonator Ring

RPT/]-I0016.127-T-4 88
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3-D SUBSCALE INJECTOR COMPONENTS

C.ompo_ent

Injector Assembly

Injector Subassembly

Oxidizer Inlet

Dist. Plate, Ox

Injector Body

Ox Tube

Ox Flow Control

Coupler

Dist. Plate, Fuel

Tuning Block

Resonator Ring

Proof Plate

Cover Plate

Cavity FFC Orifice

Face Plate

Face Nut

Seal

Mounting Ring

Washer

Igniter Tube

Backing Plate, Face

Platelet Assy. Faceplate

Platelet Assy, Fuel Dist.

Part No.

1204 128

1204 129

1204 130

1204 131

1204 132

1204 133

1204 134

1204 135

1204 137

1204 138

1204 139

1204 141

1204 142

1204 143

1204 144

1204 145

1204 146

1204 147

1204 148

1204 165

1204 177

1204 136

1204 176

92



RESONATOR RING OPERATING CHARACTERISTICS
WITH 160 R HYDROGEN

Circuit Flowrate Pressure Drop

Number (lbm/sec) (psi)

1 0.32 206-90

2 0.24 182-145

3 1.36 -1036-961

4 1.36 1020-950

Bulk Temperature

Rise (deg F)

90

78

80

74

BOMB ASSEMBLY COMPONENTS

Component

Locknut

Shim

Cap (TFE)

Outer Sleeve (Carbon Phenolic)

End Plate (Carbon Phenolic)"

Plug

Inner Sleeve (A-286)

Seal (AR 10103-025-AH)

Backup Ring (AR190154-025-A)

Detonator Assembly

Dwg #1202717
DashNo.

-7

-10,-11,-12

-14

-15

-16

-20

-21

-31

-33

1202980

Dwg #1204726
DashNo.

-10

-5,-6,-7

-8

-2

-1

-3

-4

1202980
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IGNITER OPERATING CONDITIONS

A B* C

LOX Flow (Level I)

WLOX 92 75 60

Pc 40 33 26

LOX + TEAL/TEB Flow

WLOX (lbm]sec) 92 75 60

WTEAI..rrEB 0brodsec) 1.22 1.0 0.8

PC (psia) 185 150 120

LOX and GH2 Flow (Level I)

WLOX (lbm/sec) 92 75 60

Wf (Ibm/see) 22.6 12.0 10.0

MR (O/F) 4.1 6.0 6.0

Pc (psia) 1100 800 640

*Recommended

V
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TEST KILL PARAMETERS AND LIMITS

Parameter

PHEK - Helium Bottle Pressure -

POT - Oxygen Tank Pressure

PFT - Fuel Tank Pressure

POJ - Oxygen Injector Manifold
Pressure

PFJ - Fuel Injector Manifold
Pressure

Pc - Static Chamber Pressure

CSM

Kill Limit

4ooo

< 4000 psia

Low* < TBD psia

High >TBD psia

Low* < TBD psia

High > TBD psia

High > 3700 psia

High > 3500 psia

Low* < 2000 psia

Low < 150 psia

Low < 700 psia

Low* < 2000 psia

High > 3000 psia

Hz @ ± 200 psia
for 30 msec

Effectivity

FS-1 to FS-2

FS-1 to FS-2

FS-1 to FS-2

FS-1 to FS-2

FS-1 to FS-2

FS-1 to End of

Timer I

FS-1 to End of

Timer 11

End of Timer III

to FS-2

Start of Timer I to

Startof Timer 1I

Start of Timer II to

Start of Timer III

Start of Timer III to

FS-2

FS-1 to FS-2

End of Timer 11 to

FS-2

* May be adjusted for low Pc tests
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SUBSCALE TESTING HARDWARE CONFIGURATION
V _

Test
Series

03

4

TBD

Test Objective

Validate Stable Operating Conditions

• Ability to Damp Full Scale 3T and
Higher Frequency Modes

• Anchor Existing Combustion
Stability and Perjformance Models

• Evaluate Damping Capability of
Sharp Edged Acoustic Cavity Inlet

• Determine Cavity

Temperature/Speed of Sound

• Determine Chug Stability Margin
as a Function of Chamber Pressure

• Validate Circumferential Heat Flux

Uniformity (Streaking)

Establish Axial Heat Flux Profde of

Injector Elements

Establish Axial Heat Flux Profile With
Baseline L' Section

Longer Duration Performance Testing.
Backup Chamber for Bombed Stability
Tests (Test Matrix Has No Provision to
Use at This Time)

Test Configuration

1202129-19 LSI Injector,
1206060-9 Ablative Chamber

With and Without Cavity
Blocks (P/N 1204138)

1204129-9 LSI Injector,
1201581-9 Calorimeter
Chamber

12041299 LSI Injector,
1201581 9 Calorimeter

Chamber, 1201580-9 L'
Section

12041299 LSI Injector
1202717-39 Stability Ring
1202716-9 Protection Ring
1202715-29 Cooled Workhorse
Chamber

98
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RECOMMENDED CHANGES TO LSI TEST PROCEDURE

1 ) Do Not Test If LOX Valve (LOTCV) Is Leaking
Monitor Prior To Test:

TOJ (@ 90") - Greater Than 0" F

TFJ (@ 210") - Greater Than 0" F
Video/Camera . No Visual LOX Cloud

2) Increase Start Transient Fuel Purge (GN2)- TBD

3) Incorporate Flush (5 To 10 Cycles) Purge Prior To Arm Switch

4) Install Two Manifold Thermocouples (Top And Bottom Locations)
In Fuel Manifold For All Tests

5) Use Sheathed 1/16" Thermocouples For All Manifold Temperature
Measurements

6) Signal-To-Open LFTCV 50 ms Before LOTCV In Start Sequence
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LSI 3D SUBSCALE INJECTOR PRESSURE DROP APPROPRIATIONS

(Measured) AP* AP* AP* AP*
Oxid Fuel Dist. Mani. Dist. Elem.

Test PC8 Injd Total Total Plate Feed Plate Feed
Number (psia) O/F (psi) (psi) (psi) (psi) (psi) (psi)

004 704 4.12 93 231 1 20 71 33

006-1 716 5.53 57 80 2 6 21 9

007-1 921 3.21 131 569 2 49 173 85

007-11 1519 8.79 358 422 13 30 104 46

009-1 1401 4.34 185 291 6 27 94 41

010 1652 7.67 329 276 11 16 56 23

011 2260 6.72 713 653 22 34 118 47

012 2514 6.58 1020 870 28 46 163 65

016 1752 4.92 222 327 8 26 92 39

017 1767 5.16 228 327 8 27 96 41

018 1719 7.54 307 390 11 30 105 46

019 2162 7.66 756 767 19 42 82** 30**

Element AP*** Element AP***

(Including (Not Including
APcup) APcup)

Test APcup Oxid Fuel Oxid Fuel
Number (psi) (psi) (psi) (psi) (psi)

004 60 92 140 32 80

006-1 14 56 53 42 39

007-1 71 129 348 58 277

007-11 34 346 288 311 254

009-1 34 179 170 147 138

010 32 317 204 286 172

011 134 691 502 557 368

012 284 992 661 708 377

016 12 214 209 202 197

017 11 220 204 210 193

018 22 296 254 274 232

019 251 737 643 486 392
* Calculated ** Estimated

*** Includes AP From Secondary Manifold to Face (Element Losses)

RPT/H0016A27-T-8 103



ACOUSTIC RESONATOR THERMAL MEASUREMENTS AND CALCULATIONS

Time of
Data From

Test FS-1 PC8 Injd Tfj* TCAV
Number (Seconds) (psia) O/F (R) (R)

004 3.01-3.03 704 4.12 170 755

006-1 3.75-3.95 716 5.53 85 500

007-1 2.19-2.39 921 3.21 230 935

007 -II 2.95 -3.05 1519 8.79 240 1355

009-I 2.14-2.24 1401 4.34 95 505

010 2.25-2.35 1652 7.67 95 845

011 2.70-2.80 2260 6.72 90 1085

012 2.95-3.05 2514 6.58 95 1190
*Estimated

V
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COMBUSTION AND MANIFOLD OSCILLATION FREQUENCIES IDENTIFIED IN PSD

k

Observed Observed

Oscillations Oscillations
Combustion Oxidizer

Chamber Manifold

Test PC8 Injd Freq Pk-Pk Freq Pk-Pk

Number (psia) O/F (Hz) (psi) (Hz) (psi)

004 704 4.12 2750 3 3550 5

007-11 1519 8.79 3350 5 3330 2
4970 5
8940 9

010 1652 7.67 2190 5 2090 3
2860 4 6920 3

4330 6
6500 4
9030 6

O11 2260 6.72 2160 6 2300 4
2910 4 6980 7
6400 5
7610 18

8500 8

012 2514 6.58 2600 5 2250 3
4600 6 2590 2
7850 11 5680 3

7840 6

016 1752 4.92

017 1767 5.16

018 1719 7.54

019 2162 7.66

2330 5 2250 4
3850 4 6720 5

4320 11

2590 6 2550 4
3700 7 3880 4
4810 8 7430 8
6300 6

7100 11

2210 5 2500 4

3640 9 4400 3
4510 7 7390 4
7120 13

2250 9 2250 4
3590 8 2560 4
4570 7 4280 4
5960 9 5150 3
7040 12 7650 4

Observed
Oscillations

Fuel
Toms

Freq Pk-Pk
(Hz) (psi)

1740 17

1980 22

_,oo,6.,_-'r-,o 105



ALL LSI 3D SUBSCALE TESTS HAVE BEEN OPERATIONALLY STABLE

Test No.

7*

10"

11"

12"

16

17

18

19

Combustion Spectrum

Amplitude

pkpk/Pc

6

9

5

4

8

4 1/2

3 1/2

2 1/2

Oxidizer Manifold

Spectrum Amplitude

pkpk/Pc

4

3 1/2

3

3

8

5

4 1/2

3

* 1/4 wave radial dogleg cavity present

Combustion Was Stable

All Discrete (PSD) Amplitudes < 1% of Chamber Pressure (CPIA

247 Defines Instability as > 10% pkpk/Pc Oscillations Sustained

for > 1.25/_ seconds)

• Combustion Was Quiet

All Unorganized (Oscillograph) Amplitudes < 9% of Chamber

Pressure (CPIA 247 Designs Rough Combustion as > 10%

pkpk/Pc Unorganized Oscillations)
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Figure 3-3. Large Scale Injector- End View
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26.000 inch Bolt Circle

60 X .640 - .650 Thru Holes Equally Spaced

Pc No. 1

O
O

Pc Hi-Freq
No. 2

Pc Hi-Freq
No. 1

Pc Hi-Freq
No. 5

No. 3

PcNo. 2

Pc Hi-Freq
No. 4

.228

.223

24.760
24.755

[

,165
P'.163

,4

Enlarged View

l
27.503
27.500

24.76O
24.755

1.163

1.161

9

.217

21 00
20 99

Figure 3-6. Rocketdyne LSI Instrumentation Ring Schematic
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Acoustic
/ Resonator

,_/26°

F_FC Ini_tl_

Chamber /

Wall

Injector
Body

___ -- Injector Face

Axial Along Wall (wlo cavity
Axial Into Cavity (w cavity)

Figure 3-10. Fuel Film Cooling Injection Method is Applicable to Baseline
Design as Well as Design With Cavities
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Hydrogen
Cooled
Baffle
Zone

V

Figure 3-11. Full Scale Injector Face Pattern
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Figure 3-17. Thrust Mount Assembly (PN 1206467)
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Figure 3-18. Spacer
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Figure 3-30. Inner Ring - Fuel Manifold
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Fuel Circuit Assembly Sequence Continued

Install 1-Each

NOTE."

1 I/I

I VI\

Install Face Nuts
544-Each PN 1204145-1

2-Each PN 1206520-1

(Do Not Stake Face Nuts)

i
i

"-1-

I
i

I
I
T

t

J ii
i I

i
i

i i
J i
_ j
I :
i i
i i
i i
i

r :, I
1

: I
, ,,

I

_ i
l
I

Clean All Parts to ATC-STD-4940, Level VC, Prior to Assembly

Figure 3-52. Assembly of Fuel Circuit - Part II
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Figure 3-61. ZrCu Platelet Modifications
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Figure 3-62. ZrCu Platelet -1 Modifications
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Figure 3-63. Full Scale Injector Face Pattern
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Figure 3-66. Rocketdyne Bomb Design
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POJHF

Torque to
85 - 100 in. lb.
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O° Location
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Bomb Assembly

601 B-025 Transducer
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45 ° Location
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Torque to _
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Figure 3-73. Side View- Thruster Assembly (1206466) Instrumentation Location
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Figure 3-75. Forward View - Thruster Assembly (1206466)
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Figure 3-86. Completed Thruster Assy Prior to Shipping to NASA-MSFC
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I E
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r Oxidizer

Distribution

-- -I-- - -- Plate Assembly
- (Screen &
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Figure 4-35. LSI 3 D Injector Oxidizer Inlet (Dwg 1204130)
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PN 1204131-1

BLACK
I::'-"!S:.I

PrlOI'O(':_F'N

Oxidizer Distribution Plate

(Prior to Diffusion Bonding of Diffuser)

PN 1204131-2

Diffuser

(Prior to Diffusion Bonding of Distribution Plate)

Figure 4-36. Oxidizer Distribution Plate Assembly Sub-Components
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Side View

End View

Figure 4-37. Diffusion Bonded Oxidizer Distribution Plate EB Welded to Oxidizer Inlet
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Figure 4-39. Completed LSI 3 D Injector Oxidizer Inlet
(Dwg Number 1204130-9)
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Assembly

I

I
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Body:
Manifold:
Inlet:
Face:
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Tube:
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Facenut:
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Assembly
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Injector Body

Figure 4-40. LSI 3 D Injector Body (Dwg 1204132)
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i _

'i

Fuel Manifold Assembly

(1204132-9: Consists of

1204132-2 and 1204132-4)

Injector Body

(1204132-1)

Ring
(1204132-3)

Figure 4-43. LSI 3-D Injector Body (Dwg 1204132) Sub-Components
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Figure 4-44. Injector Core Prior to Assembly
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Figure 4-46. Tooling to Position Oxidizer Posts During Braze Operation
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Figure 4-47. Injector Core in Vacuum Furnace
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Figure 4-54. Fuel Distribution/Filter Platelets (PN 1204176)
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BLACK A[',_DWHITE PH:OTOG'RAPh

Figure 4-55. Fuel Distribution and Filter Plate
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Figure 4-56. Face Plate Assy Prior to Final Weldment to Injector Body
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Figure 4-59. Face Cooling Platelets (PN 1204136)
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LSI 3-D Subscale
Injector

FFC Dislribution

Injector
Face

= 0.75%

-0.1
to 8%

1.5%

Chamber Wall

Resonator

Cavity

Figure 4-60. Fuel Film Cooling Injection Method Utilized on 3 D Subscale Design
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120413.9-1J

Shell

12O4139-2
Liner

Material:

Body: 304 L
Uner: ZrCu

4 Coolant Clrcuils
2 High Frequency Pressure

and Temperature
1 Igniter Port

Figure 4-61. LSI 3 D Injector Resonator Ring (Dwg 1204139)
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BLACK Ik,"_DWHITE PHOTOG'RAPh

Resonator Ring Shell (PN 1204139-1)

Resonator Ring Inner Liner With Coolant Channels (PN 1204139-2)

Figure 4-63. Resonator Ring Components
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Figure 4-68. ADP Ablative Chamber
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Figure 4-69, ADP Ablative Chamber Assembly
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Figure 4-71. LSI Injector Instrumentation (PN 1204129-9)
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APPENDIX A - DESIGN METHODOLOGY

The LSI program fullscale injector was designed using a modified form of a methodology

developed by Aerojet for the Air Force Astronautics Laboratory for oxygen/hydrocarbon propel-

lant engines, which is described from proposal to development in References A-I, A-2, and A-3.

This injector characterization methodology consists of the use of a set of analysis models and

specific reduced size hardware testing to describe the injector performance, combustion stability,

and face and chamber wall compatibility of full scale injectors and thrust chambers.

Complete injector characterization with this methodology requires use of four scales of

reduced size testing, as shown in Figure A-1. However, some of the testing may be bypassed

due to the maturity of the existing data and analysis models and the amount of program risk

desired. The flow of information between test scales and analysis model uncertainties is shown

in Figure A-2. As shown, multielement reduced size hot fire and either cold flow or hot fire sin-

gle element testing provide data for nearly all analysis model uncertainties.

On the LSI program, only two test scales -- unielement hydraulic cold flow and 3D

reduced size testing -- were conducted. The subscale hardware size selected for test was large

enough to provide significant information for injector performance and chamber compatibility, as

shown in Figure A-2, and also for important combustion stability comparisons. The frequency of

the first tangential (IT) mode of the subscale chamber was made equal to the frequency of the

third tangential (3T) mode of the fullscale chamber. This size is a strategic cutoff in the injector

characterization methodology: stability at this subscale size (3T=IT) with no damping devices

provides a measure of acceptable injector element stability according to test experience at

Aerojet.

Because of the compressed design schedule, the subscale test results were not used to

optimize the fullscale injector design before fabrication. However, the testing was still adequate

to characterize the fullscale injector for pretest predictions. The final design information for the

LSI program is shown in Figure A-3.

The analysis portions of the methodology, shown as the topmost boxes on Figure A- 1, are

outlined in Figure A-4. Industry available computer programs that can perform these analyses

are also identified in this figure. Any analysis technique or computer program may be used to

perform the particular analysis as long as they are adequately anchored with reduced-size testing

and their validity demonstrated in fullscale operation. The ROCCID computer program (Ref.

A-4) was used on the LSI program because of concurrent development and validation (Ref. A-5).

rvvaa,, 6,27-_0 A- 1 Fob_ 24.1993
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In the early phases of the LSI program, before ROCCID was available, the various submodels

which now comprise ROCCID - such as HIFI, LFCS, and CRP - were used in similar analyses.

The steady state combustion model is shown in Figure A-4 to be the focus of the analysis

portion of the methodology. The calculations of this model are used as inputs for all other analy-

ses. Consequently, definition of its inputs and anchoring of its uncertainties are most important

for fullscale modeling success.

A significant portion of the inputs for the steady state combustion model can be obtained in

single element studies. A long term spray model development program was initiated to generate

satisfactory empirical relations for short term injector design, and mechanistic models for more

rigorous long term design tools, such as CFD. A literature search and review was initiated to

gather and analyze theoretical models and experimental measurements of injection hydraulics,

intact core breakup functions, spray droplet size and size distributions, droplet velocity and

velocity distributions, and bipropeUant mixing. The literature search and review was completed

on a follow-on ADP task (Ref. A-7).

Initial single element cold flow tests for LSI preliminary design were conducted to measure

the spray characteristics of the 40K platelet injector element (Ref. A-6). Hydraulic admittance,

mass and mixture ratio distribution, and droplet size were measured with benign cold flow simu-

lants flowing to quiescent, ambient backpressure. Oxidizer hydraulic admittance of final LSI

elements was measured to verify dement pressure drop predictions.

Due to the immaturity of the swirl coaxial spray combustion models, most of the spray

combustion parameters for the steady-state combustion model anchoring were derived from the

subscale testing.

Measured axial static pressure profdes, injector flowrates and pressures, and calculated per-

formance efficiencies were used to provide values for intact liquid oxygen core length

("atomization length"), mass median droplet diameter, droplet size distribution, mixing effi-

ciency, and combustion plane location for the spray combustion model in ROCCID. Statistical

high frequency stability was matched in the high frequency stability modeling with factors

applied to the calculated response amplitudes. The low frequency combustion instability

("chug") data, including instability frequency and throttled pressure drops, were used to anchor

total combustion ("dead time") timelags in the low frequency stability modeling. The subscale

data used for anchoring are described in Section 4.4.

RP'I/]t0016A2'7-1.0 A-2 _e_a. 2, ,,,_



With anchoredinputs,fullscaleinjectorperformanceandlow andhighfrequencycombus-

tion stability werepredictedwith theROCCIDcomputermodel. Theanchoredfullscale

predictionsaredescribedin Section3.4.

RPI';tl0016 127-1.0 A-3 February 24, 1993
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